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ABSTRACT
Pow der m etallu rgy  techniques have been used  to study the d is ­
p e rs io n  streng then ing  in  iro n -b ase d  alloys containing alum ina, 
z ircon ia , o r titan ia .
The degree  of densification  obtained from  s in te rin g  experim en ts 
d ec rea sed  with in c reas in g  oxide content in  the carb o n y l-iro n : the 
p resen ce  of z irco n ia  v irtua lly  p reven t densification  even a t 1500°C. 
T hese  p a rtic le s , including z ircon ia , produce le ss  inhib ition  in  den ­
sifica tion  in  s ta in le ss  s te e l m atrix .
The final p a rtic le  m orphology, studied by optical and e lec tro n  
m icroscopy , was found to be c lo sely  re la te d  to the s in te ra b ility  of 
the  oxide phase, p o s t-s in te re d  p a rtic le  s iz e , and the fab rica tio n  
technique used .
In the  case  of alloys which had been s in te red  a t 1350°C, and 
then forged and co ld -ro lled , the ro o m -te m p e ra tu re  streng then ing  
effect of alum ina was found to  be significan tly  h igher than th a t of 
z ircon ia ; w hereas, fo r alloys s in te re d  a t the sam e te m p e ra tu re  but 
te s te d  in the extruded condition th e re  was no such d ifference  in  
strengthening  effect. F u r th e rm o re , s in te rin g  at 1200°C followed by 
forg ing  and co ld -ro lling  produced a s im ila r  degree  of s treng then ing  
fo r each of the two d isp e rso id s . T hese  effects a re  in te rp re te d  in  
te rm s  of the v aria tio n  of p a rtic le  m orphology with production  h is to ry .
The analysis of yielding, y ie ld -po in t phenom ena, and w ork 
hardening  c h a ra c te r is tic s  of alloys containing v a rio u s am ounts of 
alum ina or z ircon ia  ind icate  a basic  d ifference in the  group and 
dynamic behaviour of dislocationsbetw een iro n -a lu m in a  and iro n -  
- z irco n ia  alloys.
The s tra in -ra te -c h a n g e  experim ents have been used  to d e te r ­
m ine the activation  volume and d islocation  velocity  exponent, and 
th ese  have been c o rre la te d  with the d isp e rs io n  p a ra m e te rs . T he a c ­
tivation  volume d ecreased  and the d islocation  velocity  exponent in ­
c re a se d  with d ecreasin g  free -sp a c in g  betw een the p a r tic le s .
T ensile  p ro p e rtie s  w ere a lso  determ ined  at te m p e ra tu re s  in  
the range 20-600°C fo r the extruded a lloys. The d isp e rs io n  s tre n g th ­
ening effect d ecreased  with in c reas in g  tem p e ra tu re  in  a m anner 
which is  consisten t with the experim en tally  determ ined  r e c r y s ta l ­
liza tion  tem p era tu re  of these  alloys.
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1. INTRODUCTION
D uring rec en t y e a rs , th e re  has been a  consisten tly  in c reas in g  
in te re s t  in, and dem and fo r, m a te r ia ls  which can re ta in  th e ir  high 
s tren g th  p ro p e rtie s  a t re la tiv e ly  high te m p e ra tu re s . The conven­
tional m a te r ia ls  hardened by so lid -so lu tion  and so lid -s ta te  t r a n s ­
fo rm ation  reac tio n s a re  proving to be of lim ited  u se , e sp ec ia lly  at 
e levated  te m p e ra tu re s . However, the m echan ica l p ro p e r tie s  of a 
m eta llic  m a trix , both a t room  and elevated  te m p e ra tu re s , can be 
considerab ly  im proved by d isp e rs in g  a  second phase of non m e ta llic  
d isc re te  fine p a rtic le s  in it. Such an alloy  can be defined as  an  a lloy  
whose s tru c tu re  co n sis ts  of fine, discontinuous, second phase p a r ­
tic le s  which a re  random ly d is trib u ted  in a m a tr ix  of a pure  m e ta l o r 
a so lid  solution.
This type of m ic ro s tru c tu re  can be produced in a num ber of w ays. 
The s im p les t technique co n sis ts  of blending finely divided pow der of 
the m eta l m a trix  and the d isp e rso id . The m ix tu re  is  com pacted in  a 
die and subsequently  s in te red  in o rd e r  to  in c re a se  the density  of the 
com pact. The s in te red  com pact is  then hot a n d /o r  cold w orked fo r i ts  
fu rth e r densification  and red is tr ib u tio n  of d isp e rsed  phase. The m ic ro ­
s tru c tu re  thus produced is  d ifferen t from  tha t produced e ith e r  by p r e ­
cip itation  o r so lid -s ta te  tran sfo rm a tio n  m ethod. In the la t te r ,  g e n e ra l­
ly, the p rec ip ita te s  a re  v e ry  fine and a lm o st alw ays d is tr ib u ted  w ith­
in the g ra in s  of the m a trix , a s  w ell as on the. g ra in  boundaries. In the 
fo rm er, how ever, the d isp e rso id s  a re  in v ariab ly  p re se n t a t the  g ra in  
boundaries and a re  com paratively  la rg e  in s iz e .
Throughout the p re sen t investigation , the alloys have been  p ro ­
duced by powder m eta llu rgy  technique. Although the technique has 
its  inheren t advantages of being sim p le , v e rsa ti le  and cheap, e t c . , 
it is  difficult to obtain a pe rfec tly  random  d istribu tion  of the second 
phase p a rtic le s  by th is technique, p a r tic u la r ly  when th e re  is  a  la rg e  
d ifference in size  a n d /o r  specific  g rav ity  betw een the c o a r s e r  m a tr ix  
and fin er d isp e rso id  pow ders.
The m ain  concern  of the p re sen t investigation  has been to  m e a su re , 
and w here possib le , to  explain the m echan ica l p ro p e r tie s  at room  and 
elevated  te m p e ra tu re s  of the a lloys produced by the above d e sc rib e d  
technique. Since the p ro cess in g  v a ria b le s , notably s in te rin g , p lay  an 
im portan t ro le  in determ in ing  the deg ree  of streng then ing  th a t can f in a l­
ly  be achieved in a p a rtic u la r  a lloy  sy stem , som e a tten tion  has been
paid tow ards evaluation of the  s in te rin g  c h a ra c te r is tic s  of som e of 
the  a lloys. Mention has a lso  been m ade of a p re lim in a ry  and qua li­
ta tiv e  study of the softening behaviour of the d isp e rs io n  s tre n g th ­
ened a lloys, as w ell as of the  u n d ispersed  m atrix .
The s in te rin g  tem p era tu re  and fab rica tion  technique has a s ig ­
n ifican t effect on the p a r t ic le s ' m orphology and co n cu rren tly  on 
the  final streng thening  behaviour of the a lloys thus produced. In 
addition to the " c la ss ic a l"  ten s ile  te s tin g , s tra in -ra te -c h a n g e  (i. e. 
d iffe ren tia l tensile) te s ts  have been c a r r ie d  out, f ir s t ly  to  e lucidate  
som e of the phenom ena asso c ia ted  with th is effect, and secondly, 
to a s s e s s  the fundam ental na tu re  of the  deform ation  p ro c e sse s  in  
d isp e rs io n  strengthened  a lloys. The shape, s ize  and d is trib u tio n  
of the d isp e rsed  p a rtic le s  have been determ ined  by e lec tro n  m i­
croscopy .
In o rd e r to fac ilita te  the d iscu ssio n  and understand ing  of the  
vario u s p rob lem s asso c ia ted  with the p re sen t work, a b r ie f  outline 
of the fundam ental v a riab le s  governing d isp e rs io n  streng then ing  
has been p resen ted  in Section 2. Sections 3 and 4 deal with the  ex ­
p e rim en ta l p ro ced u res and re s u l ts  resp ec tiv e ly . A g en era l d is ­
cussion  of the re su lts  is  p resen ted  in Section 5.
2. LITERATURE SURVEY
2 .1 . The P ro d u c tio n  of D ispersion  Alloys by Pow der T echniques
2 .1 .1 , Selection of Techniques
Methods w hereby a d isp e rs io n  of a second phase can be p ro ­
duced in  a m etal m a trix  a re  the following:
1. Solid s ta te  tran sfo rm a tio n s  (e. g. eutectoid decom ­
position  of a solid  solution, p rec ip ita tio n  from  a 
super sa tu ra ted  solid solution)
2. G as-liquid  reac tio n s
3. L iquid-liquid  reac tio n s
4. L iqu id -so lid  reac tio n s
5. G as-so lid  reac tio n s
(a) Surface oxidation
(b) In terna l oxidation
(c) Reduction of mixed oxides, and
6. M echanical m ixing
The various m ethods of in troducing  a d isp e rs io n  of n o n -m eta l-
lic  p a rtic le s  into a m etallic  m atrix  have been sum m arized  by Bun- 
1 2) 3)shah and Goetzel ' ' and G rant ',  and d iscu ssed  and com pared  by 
S m ith 4'.
M echanical mixing of m etal and oxide pow ders is  the m ost 
widely used  technique to produce d isp e rs io n s  and has been used  
throughout in  the p resen t investigation . The basic  fac to rs  d ic ta ting  
th is  choice w ere (a) the  availab ility  of fine m etal and oxide pow­
d e rs , (b) the stra ig h tfo rw ard  sequence of w e ll-e s tab lish ed  and r e ­
la tively  sim ple  operations that th is  technique involves, (c) the  v a ­
r ie ty  of s iz e s  of com pacts that can be obtained by th is  technique, 
and (d) the v a rie ty  of com binations of d isp erso id  and m a trix  th a t 
a re  possib le . The difficulty asso c ia ted  with th is technique a s  d is ­
cussed  in  Section 2 .1 . 2, in  obtaining a uniform  d isp e rs io n  was 
considered  and i t  was thought that th is  disadvantage is  not su ffi­
c iently  se rio u s  to offset the possib ly  la rg e  im provem ents in  m e ­
chanical p ro p e rtie s  that can re s u lt  from  the d ire c t m ixing te c h ­
nique.
2 ,1 , 2. Mixing of Pow ders
The g re a te s t difficulty a sso c ia ted  witty powder technique is  that
* V
the uniform ity  of the final d isp e rs io n  d istribu tion  cannot alw ays be 
guaranteed . T h is a r is e s  from  the  fac t tha t loose powder p a r tic le s  
m ay group together in  c lu s te rs  during  the m ixing stage. T hese  
c lu s te rs  w ill then consolidate during the subsequent com paction and 
s in te rin g  p ro c e sse s , thereby  producing a final d isp e rs io n  which is  
m uch d ifferen t from  that which was o rig inally  intended. T his c lu s t­
e rin g  effect is  often the re s u lt  of an in c o rre c t d is trib u tio n  of p a r ­
tic le  s iz e s  within the o rig ina l powder batch; the p rin c ip a l r e q u ir e ­
m ents, fo r an ideal blend being, f irs t ly , th a t the  m eta l and d is ­
p erso id  powder p a rtic le s  a re  sufficien tly  fine, and, secondly, that 
th e re  should not be a la rg e  d ifference  in  s ize  betw een them .
C lustering  may a lso  re s u lt  from  physical causes (e. g. e le c ­
tro s ta tic  a ttrac tio n  or m o is tu re  film  bonding) o r sim ply  from  in e f­
ficien t m ixing techniques, The fo rm e r possib ility  has been shown
5)by Bonis and Grant ' ,  who found that, in  the  case  of n ickel and 
alum ina pow ders, the un iform ity  of the u ltim ate  d isp e rs io n  could 
be im proved when the o rig inal powder m ix ture  was cooled and su b ­
jec ted  to a rad ium  d ischarge  (to rem ove su rface  e le c tro s ta tic  
charges) during blending.
In th is  context, i t  is  of in te re s t  to note that Gatti w orking 
on iro n -a lu m in a  alloys, found an average  alum inium  p a rtic le  s iz e  
of 2 fim in  the fab rica ted  alloys desp ite  the fact that the in itia l p a r ­
tic le  size  of the alum inium  powder used  fo r co llo idal m ixing was of
the o rd e r of 0.1 (im.
7)E lyutin  et al. , on the o ther hand, working on Cu-AlgOg a l ­
loys, have concluded that the addition of alum ina to a copper m a trix  
by m echanical m ixing, gave m ore  uniform  d is trib u tio n  of a lum ina 
p a rtic le s  than those in troduced by p rec ip ita tio n  of Al(NOg), 9 HgO 
on copper oxide, followed by reduction . They also  c la im  th a t the 
addition of alum ina by m echanical m ixing prom oted  the re te n tio n  of 
a high ha rd n ess  index to h igher tem p era tu re s  than addition by the 
second method.
In o rd e r to keep the s ize  and spacing of the d isp e rsed  phase 
low, which is  a p rim ary  req u irem en t fo r the  production  of s tab le , 
high stren g th  a lloys, it  is  e sse n tia l to use  the finest p o ss ib le  pow-
d e r p a rtic le s  while using  the d ire c t m ixing as a production  tech -
4) 8)nique '.  C rem ens and G rant J have d iscu ssed  the lim ita tio n s im ­
posed by geom etrica l considera tions on the s ize , spacing and vo l- ■ 
um e frac tio n  of the d isp e rsed  phase, and they have concluded that 
as the p a rtic le s  becom e fin e r, a sm a lle r  volume frac tio n  is  r e ­
quired  to m ain tain  a given in te rp a r tic le  spacing.,
2 .1 . 3. Com paction of Pow der
In o rd e r to obtain a solid and strong  d isp e rsio n  hardened alloy 
by powder m eta llu rg ica l techniques, com paction of the powder 
m ix ture  is  e ssen tia l. In recen t y e a rs  a v as t num ber of in v e s tig a ­
tions have been c a r r ie d  out in  o rd e r to understand  the m echanism s
9)involved in  the com paction of pow ders. B ockstiegel and Hewing ' 
have recen tly  published a c r i t ic a l  rev iew  of th is  field .
The c r i t ic a l  fac to rs  which influence the com paction of the 
powder com pact a re  as follow s:
(i) P a r tic le  size  d istribu tion
(ii) P re s s u re  and tem p era tu re  of com paction
(iii) Shape, s ize  and po rosity  of the  p a rtic le s
(iv) F low ability  and deform ability  of the p a rtic le s
(v) N ature of the m ix tu re  (i. e. single component 
o r m ulti-com ponent).
Some of these  v a riab les  and th e ir  re la tiv e  influence on com ­
pacting behaviour of re f ra c to ry  m eta ls  have been d iscu ssed  in  d e ­
ta i l  by N e l s o n K i e f f e r  and H o to p '^ ,  working on v ario u s  iro n  
pow ders, have investigated  the effect of specific  p re s s u re s  on the 
p re s se d  density . They have shown tha t the density  in c re a s e s  in i t i ­
ally  steeply  with in c reas in g  p re s su re  and eventually  approaches 
asym pto tically  a final value which v a rie s  fo r each individual type 
of powder and is  generally  som ewhat low er than, though in  one c a se  
quite c lose  to, the absolute density  of iro n . T his leve lling  off o ccu rs
at a high absolute value of specific  p re s s u re  (of the  o rd e r  of ’75 t. s . i.
12)Y arnton and Davies ' have de term ined  the effect of com pacting 
p re s s u re  on the p re sse d  density  of copper pow ders and have found 
a s im ila r  va ria tion .
A num ber of m athem atica l fo rm ulae have recen tly  been p r o ­
posed to exp ress the influence of the com pacting p re s s u re  upon the
porosity  of powder com pacts; th ese  have been tabulated  by B ock- 
15)s tieg e l '.  A fo rm ula  which, up to the p re sen t, seem s to  have
gained g rea t popularity  is  the em p irica l one by Konopicky which
14)has a lso  been proposed  independently by Shapiro and Kolthoff •. 
T his fo rm ula  d esc rib es  the logarithm  of the po rosity  as a l in e a r  
function of the com pacting p re s su re .
D uring com paction, u se  of a lu b rican t becom es n e c e ssa ry  in  
o rd e r  to avoid p a rtic le  welding and reduce  the re s is ta n c e  betw een 
the p lungers and the die w all. Y arnton  and Davies have studied  
the ab ility  of a lub rican t to  aid com paction when applied (a) in  
m ix tu re  with the powder and (b) to the die w all, and have concluded 
that adm ixture of lub rican t can a s s is t  o r r e ta rd  densification  a c ­
cording  to the applied p re s s u re  and the lub rican t content, and that 
the lub rican t exuded on to the die wall under p re s s u re  se em s to  be 
the m ain lub rica ting  fac to r. R ecently , Leopold and N elson in  a 
s im ila r  study have found that a sm a ll am ount of die w all lu b rica tio n  
is  much m ore  effective in  d ecreasin g  the ejection  p re s s u re  than  a 
la rg e  amount of adm ixed lub rican t. However, the choice of a lu b r i ­
cant is  re s tr ic te d  by the need to avoid contam ination.
In com pacts made from  m ix tu res of pow ders of v a rio u s shapes 
and s iz e s , two fo rm s of seg reg a tio n  a re  com m only encountered  
which re n d e r  the compactCbility both low and difficult to p red ic t.
One form  of seg rega tion  re s u lts  from  the fo rm ation  of c lu s te rs  of 
like p a rtic le s , which a re  not b roken down in  the blending opera tion . 
The o ther re su lts  from  the agg lom eration  of fine p a rtic le s  in  the 
in te rs tic e s  between la rg e  p a r tic le s . T hus, if one com ponent is  of 
c o a rs e r  average  p a rtic le  size  than the o ther, seg rega tion  of the 
second type is  an inevitable  consequence in a com pact.
2 ,1 .4 . S intering
2 .1 . 4 .1 . Single P hase  M a teria ls
The u ltim ate  objective of s in te rin g  of powder com pacts i s  to 
produce a dense s tru c tu re  by the rem ova l of po rosity  and the fo rm a ­
tion  of bonds betw een the individual p a r tic le s . The v a rio u s  d e fin i-
17)tions given by prev ious w orkers have been review ed by H ausner 
However, none of these  fully account ! fo r a ll  the fundam ental and 
p ra c tic a l aspec ts  of the p ro ce ss  w hilst sim ultaneously  delineating  
the lim its  which sep ara te  s in te rin g  from  neighbouring fie ld s of
study. The m ost app rop ria te  d escrip tio n  is  that given by T hum m ler 
and T h o m m a ^ ^  as follows:
nBy sin te rin g  is  understood the heat trea tm en t of a system  
of individual p a rtic le s , or of a porous body, with o r w ith ­
out the application  of ex te rn a l p re s s u re , in  which som e or 
a ll of the p ro p e rtie s  of the sy stem  a re  changed with the 
reduction  of the free  enthalpy in the d irec tio n  of the p o ro s i­
ty f re e  sy stem . In th is  connection at le a s t  enough so lid  
phases rem a in  to ensu re  shape s tab ility " .
The excess free  enthalpy of the com pact is  a sso c ia ted  w ith i ts  
high su rface  to volum e ra tio  and its  excess la ttice  energy . The 
fo rm er p rovides a high su rface  energy at free  in te rfa c e s , both 
within and on the p e rim e te r  of the com pact, w hilst the la t te r  a r is e s  
from  the ex istence  of excess vacancies and d isloca tions, toge ther 
with in te rn a l s t r e s s ,  produced during com paction. The reduction  of 
th is  f re e  enthalpy thus p rov ides the m ain driv ing  fo rce  fo r s in te r ­
ing.
T heories d escrib ing  the va rio u s m echanism s of s in te rin g  have
been review ed by T hum m ler and T h o m m a ^ ^ , K othari ^  and
20 )F isc h m e is te r  and E xner \  Although it m ay seem  a rb i t r a ry  to
divide s in te rin g  into stag es , .a noticable d ifference does ex is t b e -
21 )tween the s ta r t  and the end of the p ro c e ss , and Kuczynski 1 has 
shown that the p ro g re ss  of s in te rin g  m ay be divided into two o v e r­
lapping stages . The f i r s t  stage m an ifests i ts e lf  by a rap id  d e ­
c re a s e  of e le c tr ic a l re s is tiv ity  and an in c re a se  in  cohesion, with 
no appreciab le  change in  density; w h ich  is  a ttrib u ted  to the fo rm a ­
tion  of b ridges (or necks) between the adjacent p a r tic le s . The s e c ­
ond stage, during which densification  of the com pact o ccu rs  is  due 
to the e lim ination  of voids from  within the com pact.
The m eans by which m a te ria l tra n s p o rt  during s in te rin g  may. 
occur have variously  been suggested to be p las tic  o r v iscous flow, 
evaporation-condensation , and volum e, su rface  o r g ra in  boundary 
diffusion.
2 2 )The p las tic  flow m echanism  suggested by F ra n k e l ' and by
23) 24 25)M ackenzie and Shuttlew orth M s no longer accepted  5 , with
the possib le  exception of i ts  application to the s in te rin g  of g lass9g 2 j \
sp h e res  " ' ',  and som e other non-m eta llic  m a te r ia ls . In a c lo se
analysis  of m ass tra n sp o rt m echan ism s, Seigle ^  has concluded 
that at v e ry  la rg e  and v e ry  sm all p a rtic le  s iz e s , the ra te  governing 
p ro ce ss  fo r both void shrinkage and neck growth is  p las tic  flow, 
and that betw een these  lim its  s in te rin g  occu rs by diffusion m echa­
n ism s.
An evaporation-condensation  m echanism  (i. e. m ass t ra n s fe r
from  p a rtic le -p o re  su rfaces into the newly form ed necked reg ions
29)by m eans of a gaseous phase) has been suggested by Kuczynski A
T his has been confirm ed during the s in te rin g  of com pacts c o n s is t-
27)ing of sodium  chloride sp h e res  '.  However, th is  m echanism  is 
reg a rd ed  as having little  genera l significance because of the low 
vapour p re s su re  of the m a te ria ls  which a re  usually  involved in  s in ­
te rin g .
F o r  sing le-phase  c ry s ta llin e  m a te ria ls  the in te rp re ta tio n  which 
is m ost widely accepted  is  that la ttic e  diffusion is  the  r a te - c o n tro l­
ling  m echanism  of s in te rin g , and that the atom s diffuse from  the
grain  boundaries to adjacent po res o r so lid -vapour su rface . B e r-  
30)nard  , while d iscussing  the p ro c e sse s  involved in  s in te rin g , has 
pointed out that during the ea rly  stages of s in te rin g , volum e diffu­
sion is  predom inant, while during the la te r  s tag es , the influence of
g ra in  boundary diffusion becom es of g rea t im portance . To th is ,
31 32)Coble * ' has added the possib ility  of m ass tra n s p o rt  th rough  an
in te r -p a r t ic le  g rain  boundary _
33)Burko. 1 has d iscussed  the ro le  of g ra in  boundaries in  s in te r ­
ing, pointing out that po res can tem p o ra rily  inhibit no rm al g ra in  
boundary m ig ra tion  and then lead  to exaggerated  g ra in  grow th* .
*
As a re s u lt  of g ra in  growth inhibition by p o res  o r p a r tic le s , con­
tinuous g ra in  growth stops when the following condition is  fu l­
filled  D = d /f , w here D is  the average  g ra in  d iam e te r, d is
the average  d iam ete r of po res o r p a r tic le s , and f is  the volum e 
frac tio n  of p o res  o r p a rtic le s . The condition of the above equation 
is  fu lfilled  as s in te rin g  p roceeds and the volum e frac tio n  of p o res  
as well as th e ir  s ize  d e c rea se s . Now, the d isappearance  of a few 
m ore po res w ill p e rm it a few grains to grow and thus to gain m ore  
sides than th e ir  neighbours. By the Von Neumann C rite r io n  
(according to which the growth fo rce  fo r a given g ra in  is  p ro p o r­
tional to (N-6), w here N is  the num ber of sides of the g rain ), the 
growth fo rce  of these  g ra ins is  in c re a sed  so they w ill continue to 
grow to gain yet m ore  s id es, and to grow m ore rap id ly . T h is leads 
to a situation  w here exaggerated  or discontinuous g ra in  grow th b e ­
com es possib le .
The no rm al m igration , in  effect, sw eeps out the p o re s , but the 
exaggera ted  growth leaves them  iso la ted  and m akes th e ir  final r e ­
m oval d ifficult. He em phasizes the im portance  of p reven ting  ex ­
aggerated  grain  growth if a high density  s in te red  com ponent is  to 
be obtained.
34)P ra n a tis  and Seigle ' have a lso  recogn ised  the im portance  of 
g ra in  boundaries. They observed  that void shrinkage in  n ickel com ­
pacts appears to be dependent upon the p resen ce  of g ra in  bounda­
r ie s ,  and occu rs at g rea tly  d im inished ra te s  in  those specim ens 
whose g ra in  boundaries have been p a rtia lly  rem oved  by r e c r y s ta l ­
lization . T his suggests that densification  occu rs by the t r a n s fe r  of 
atom s into the void from  a nearby  g ra in  boundarj', and the m ove­
m ent of vacancies from  the void v ia  the g ra in  boundaries to the free  
su rface  of the m a te ria l, Kuczynski ^  has a lso  co nsidered  the 
ro le  of g rain  boundaries in  vacancy tra n s fe r . He has pointed out 
tha t the iso la tion  of po res  from  the g ra in  boundaries should m ake
the la rg e r  po res  g ro w ^ ^  and can lead  to reduced  densification
37)F u r th e rm o re , E ud ier ' has suggested  that the grow th of such la rg e
po res can eventually cause expansion of the com pact, and, in  fact,
38) 39)such re su lts  have been obtained in  copper ' and U 09 ' com pacts.
19)In .his rev iew , K othari ' has concluded tha t a t high te m p e ra ­
tu re s  (above 0. 6 Tm , w here T ^  is  the m elting  te m p e ra tu re  on 
absolute scale) the  p rin c ip a l m echanism  is  volum e se lf-d iffu sio n  
and at low te m p era tu re  (0. 2 to 0. 5 T ) the opera tive  m echanism
is  g ra in  boundary diffusion.
40) 41)Oxley and C izeron  1 and C izeron  ' have studied the s in te r -
40)ing of iro n  in a hydrogen a tm osphere . Oxley and C izeron  ' have 
pointed out that the g ra in  boundaries can be considered  as p ipes fo r 
the e lim ination  of vacancies and th e ir  length, deg ree  of p e rfec tio n  
and d istance from  the po res should influence the k inetics of s in te r ­
ing. They have a lso  dem onstra ted  that at the upper lim it of th e  a -
phase, the m echanism  of the e a r l ie s t  s in te rin g  s tage  is  tha t of
-11  2volum e diffusion with a high diffusion coefficient (3 x 10 cm 
sec~*) In the y -phase, a t f i r s t ,  g ra in  growth o ccu rs , when a 
sam ple is  heated up to the low y -te m p e ra tu re  (920-1250°C), a fte r  
a sh o rt stay  in  the a -phase . The sam ple  is  then s in te re d  in  the  low 
y -tem p era tu re  range w here the m ain s in te rin g  m echanism  is  s t i l l  
volum e d i f f u s i o n b u t  with a v e ry  low coefficient (3. 3 x 10 ^
2 -1 42)cm sec  ) 1. The com bination of th ese  two fac ts  r e s u lts  in  very
slow elim ination  of the p o res .
43)P o s te r  and H ausner ' have a lso  investigated  the s in te rin g  b e ­
haviour of carbonyl iro n  in  the a -  and y -phase, and have c ited  a 
c o rre la tio n  betw een su rface  and volum e diffusion, and a lso  betw een 
g ra in  boundary and volum e diffusion. They conclude that
QG.B(a) QG.B.(Y) 3nd QV(a) < QV(V) (i‘ e> a ssu m in S DQ con- 
stan t. D w ill d ec rea se  as Q in c re a se s ) , and th is is  quite in  line
40)with the r e s u lts  of Oxley and C izeron  . F u r th e rm o re , they e m ­
phasize  tha t su rface  and g ra in  boundary diffusion play a m ore  im ­
p ortan t ro le  fo r m a te r ia l tra n sp o rt  in  the s in te rin g  of carbonyl 
iro n  powder com pacts.
The s in te rin g  of iro n  pow ders in  the a -phase  has a lso  been  the
44-47) 46)object of num erous stud ies . F is c h m e is te r  and Zahn ' point
out the dependence of a predom inant tra n sp o rt m echanism  on the
p a rtic le  s ize  of the pow der. They have shown th a t in  the a -ra n g e
c o a rse  iro n  powder ( )20  | i ) s in te rs  by su rface  diffusion (volume
diffusion being of much le s s  significance and being re sp o n sib le  fo r
any shrinkage that is  obtained), w hereas in  the  case  of fine iro n
pow der, the re la tiv e  ro le  of volum e diffusion m ust be m uch g re a te r ,
to explain th e ir  pronounced shrinkage. They suggest that, in  the
case  of carbonyl iro n  pow ders (in the a -ran g e), po re  e lim ina tion  is
achieved by volum e diffusion and follows the ra te  law  p roposed  by
Coble 48'.
The ro le  of re c ry s ta lliz a tio n  and g rain  growth, and i ts  su b s e ­
quent effect on void rem oval during  s in te rin g  of p re s se d  iro n  com -
47)p ac ts , has been d iscussed  by F o r s s  1. The following a re  h is con­
c lusions:
(i) A p re s se d  com pact is  rap id ly  streng thened  on 
re c ry s ta lliz a tio n .
(ii) When the g ra in  growth is  slow , sm a ll voids a re  
rem oved by grain  boundary diffusion.
(iii) When the g ra in  growth is  rap id , sm a ll voids can 
becom e iso la ted  w ithin the g ra in s and can only 
be rem oved by diffusion of vacancies e ith e r to 
g ra in  boundaries o r to la rg e r  voids.
(iv) W ithin la rg e  g ra ins voids can spherod ize  by 
absorp tion  of vacancies o r d islocations.
A theo ry  for the tra n s p o rt  of m a te ria l in  c ry s ta ls  m otivated by 
changes in  su rfa c e -fre e  energy was developed p rincipally  by H er- 
r i n g ^  and Mullins T h is t r a n s fe r  is  alw ays in  such a d irec tio n  
as to d e c rea se  the o v e ra ll su rfa c e -fre e  energy of the sy stem . How­
ev er, su rface  diffusion is  probably the  le a s t  understood mode of 
atom ic m igration , because of the contam ination p rob lem s which a re  
a sso c ia ted  with the accu ra te  study of su rface  behaviour. It is ,
th e re fo re , very  difficult to  p red ic t w hether an im purity  w ill in c re a se
51)o r d e c rea se  su rface  m obility . N ev erth e le ss , i t  is  genera lly  be-
52-53)lieved, as  indicated  by Le C la ire  ',  that if the ra te s  of the
th re e  genera l c la sse s  of diffusion in  po lycry sta lline  so lids (volume, 
g ra in  boundary and su rface) w ere c h a rac te rize d  by diffusion co ef­
fic ien ts , D , D , and D and activa tion  en erg ies , Q , Q . ,v gb s ° ' v go s
resp ec tiv e ly , then  Dy < Dgb < Dg and Qy > Qgb > Qg.
It seem s fa irly  c e rta in  that s in te rin g  cannot be explained by 
m eans of a single physica l p ro c e ss . S evera l d ifferen t atom ic m ech ­
an ism s m ay be operating  sim ultaneously  (the re la tiv e  im p o rtan ce  of
each one of these  m echanism s vary ing  while the  s in te rin g  is  in 
54)p ro g re ss  ' and a lso  that the re la tiv e  im portance  of the v a rio u s  
diffusion p ro c e sse s  w ill sh ift (from  su rface  to g ra in  boundary to 
volume diffusion) as the te m p era tu re  of s in te rin g  in c re a s e s .
2 .1 . 4. 2. Two P hase  M ateria ls
If p a rtic le s  of a second phase a re  added which have d ifferen t 
su rface  p ro p e rtie s  (in p a rtic u la r  su rface  energy) from  those  of the 
m atrix , then the degree and ra te  of densification  during s in te rin g  
w ill be affected. In th is  situation , the d e c rea se  in  f re e  su rface  en ­
ergy (y , y ) o r in  in te rfac ia l energy (y ) becom es a p reco n d i- 
m P mP 55}
tion  for the com m encem ent of s in te rin g . A ccording to P ines ' ,  a
condition fo r the successfu l s in te rin g  of a sy stem  in  which the  two 
phases a re  m utually insoluble is  given by the  re la tio n sh ip
y ( y + y (1)'m p '  m p
w here y is  the in te rfac ia l energy, y is  the  f re e  su rfa ce  en -*mp ^  m
ergy of the m atrix , and y is  the fre e  su rface  energy of the  s c c -
P
ond phase p a rtic le .
If th is  condition is  not m et, s in te rin g  w ill occur a t the p u re
(i. e. single phase) in te rfac es , but not a t a m ixed (i. e . two phase) 
in te rfac e . This im p lies that the low er the value of Ymp the g re a te r
is  the driv ing fo rce  and th e re fo re  b e tte r  s in te rin g  can be achieved.
56) 57)A ccording to P ines and Sukhinin ' and Goodison and W hite ,
the s in te rin g  c h a ra c te r is tic s  a re  a quadra tic  function of the m ixing 
ra tio  of insoluble com ponents. They appear to em phasize that the 
num ber of s im ila r  types of A-A o r B -B  con tac ts , com pared  with the 
num ber of A-B con tacts, d e te rm in es the behaviour of the  sy stem  
exclusively . With the sam e proportions by volum e and C.^ (a s ­
sum ing equal p a rtic le  s ize  and shape), and the sam e s ta tis t ic a l  d is ­
tribu tion , A-B contacts a re  the m ost frequent and th e ir  influence 
on the o v e ra ll s in te ring  behaviour is  a m axim um . P ines e x p re sse s  
the  sh rinkage tj by the following equation,
TI- \ Cl + r ) B CB + 2 r' A B CA CB  < 2 >
with
CA + C B =1 (3)
H ere r)^ and t)^  signify the shrinkage behaviour of com ponents 
A. and B under the sam e conditions, e. g. the behaviour of A-A o r 
B -B  contacts alone; th e ir  num ber is  a function of the  sq u a re  of 
and C g. is  the p roportion  of sh rinkage due to  the A -B con tac ts .
The values y^ , y^  and y ^  a re  ° i decisive  im portance  fo r the  
m agnitude of Oxide c e rm e ts  a re  typ ical c a se s  in  which the co m ­
ponents a re  inso luble or only sligh tly  soluble. However, no in v e s tig a ­
tions into the valid ity  of equation (2) have been published, a p a r t from
the ca se  of the cerm et sy stem , C r-A l0Oo> in  which, accord ing to 
58)M odl-O nitsch , (because of the  d ifference  in  m elting  po in ts), only
the chrom ium  s in te rs  to any extent up to 1450°C, and both
and t) a re  z e ro .Cr-AlgOg
A considerab le  im provem ent has been rep o rte d  in  the s in te r in g
behaviour and chem ical p ro p e rtie s  of oxide c e rm e ts  when a lim ited
in te rac tio n  (wetting, solubility  o r chem ical reaction) betw een the
59)com ponents can be achieved A T h is can be brought about in  m any 
case s  by in troducing  an ’’aux iliary  phase” , which re a c ts  tow ards 
both s ides . T hus, im provem ents w ere  observed  with C r-A ^ O g
c e rm e ts  in  the p resen ce  of CrgOg, which can easily  be form ed, 
e» g. by slightly  oxidising s in te rin g  a tm ospheres
D uring s in te rin g  of both single and m ulti-phase  com ponents, 
th e re  ex ist num erous p o ss ib ilitie s  th a t can influence the prom otion  
or inhibition of s in te rin g  (either d e lib era te ly  o r o therw ise). T hese  
include a ll the fac to rs  which re la te  both to powder and p ro ce ss in g  
c r i te r ia  (e. g. powder p ro p e rtie s  like su rface  activ ity , la ttic e  a c ­
tiv ity  and oxide la y e rs , e tc . ,  and s in te rin g  conditions like  s in te r ­
ing a tm osphere  and adsorbed, occluded and d isso lved  g ases , e t c . ). 
V ery often se v e ra l of these  fac to rs  ac t sim ultaneously , and thus 
it  becom es in c reas in g ly  difficult to a s s e s s  the p a ra m e te rs  in d i­
vidually.
K riek  et a l. investigated  the s in te rin g  of m ix tu res of CaO 
and MgO of com parable p a rtic le  s ize  and found tha t each inhib ited  
the s in te rin g  of the o ther, densification  being a m inim um  a t a 
weight ra tio  of approxim ately  1:1, when the num ber of p a r tic le s  of 
each kind would be approxim ately  the sam e. In a random  m ix tu re  
of A and B p a rtic le s  the num ber of con tacts betw een unlike p a r ­
tic le s  is  given by the exp ress ion  X (l-X ) NC (where N is  the  to ta l 
num ber of p a rtic le s , C the  num ber of points of contact which each 
p a rtic le  m akes with i ts  neighbours, and X and (1-X) a re  the 
frac tio n s  of A and B in  the m ix ture). The exp ress ion  has a m ax­
im um  value when
X = (1 -X) = 0 . 5  (4)
and they pointed out that th e ir  re s u lts  could be explained if  a fo rce  
opposing s in te rin g  ex isted  at points of contact betw een unlike p a r ­
tic le s . They suggested  tha t the  in te rfa c ia l tension  in  the in te rfa c e  
betw een unlike p a r tic le s , which would tend to oppose growth in  the 
neck m ight, if  i t  was high enough, inhibit s in te rin g  in th is  way.
T his hypothesis has been fu rth e r  supported  by the experim en ts 
of Goodison and White ^  on a m ix tu re  of CrgOg and SiOg (CrgOg 
and SiOg do not form  compounds and a re  com pletely im m isc ib le  
even in the liquid sta te ).
2 .1 . 5. F ab rica tio n
Even a fte r  s in te rin g , m ost alloys do not achieve fu ll density  
and s tren g th  in  th e ir  final s tru c tu re . In p a r tic u la r , when dealing 
with m eta l/ox ide  m ix tu res , the general conclusions appear to be 
that le s s  densification  of a p re s se d  com pact takes p lace  as a r e ­
su lt of p re ss in g  and s in te rin g  than would occur with the pu re  m eta ls . 
Zwilsky and G rant working with Cu-SiOg and Cu-AlgOg m ix ­
tu re s , found only 2-4% shrinkage of com pacts even with a s in te rin g  
tem p e ra tu re  of 1000°C, and the final density  was only 90% of the 
th eo re tica l. S in tering  m ust th e re fo re  usually  be followed by, o r 
combined with, a working operation  o r a com bination of working 
operations.
A part from  producing a dense and sound body, another object 
of a working operation  is  to obtain b e tte r  d is trib u tio n  of the  d i s ­
p e rsed  p a rtic le s  by b reak ing  up som e, if  not a ll, of the ag g lo m er­
a te s  of these  p a rtic le s  produced during s in te rin g  and fo rcing  them  
into the in te r io r  of the m atrix  g ra ins. A d is trib u tio n  of la rg e  a g ­
g lom erates on the g rain  boundaries may eventually have a d e le te ­
rious effect upon the m echanical p ro p e rtie s .
The working operation  m ost comm only used  to achieve th ese  
aim s is  hot ex trusion , and in  th is  way n ea r th eo re tic a l d en sities  
can be achieved, although sm a ll am ounts of re s id u a l p o ro sity  a re  
probably p re sen t and the amount of th is  po rosity  usua lly  in c re a s e seo\
with in c reas in g  percen tage  of the d isp e rsed  phase. H ess , while 
studying the influence of va rious cold-w orking p ro c e sse s  on the 
m echanical p ro p e rtie s  and deg ree  of d isp e rs io n  of S. A* P . , has 
suggested a fu rth e r  red is tr ib u tio n  and refinem ent of the bonded 
s tru c tu re  (orig inating  from  the extrusion) by cold w orking (d raw ­
ing, ro lling  and swaging) of the extruded m a te ria l.
Another m echanical working schedule that can be used  to ob­
ta in  a solid  and strong  body from  the s in te re d  com pacts is  a com ­
bination of hot forging and cold ro lling . If hot forg ing  is  c a r r ie d  
out a t sufficiently  high tem p era tu re , so that the m a trix  can rea d ily  
deform , then it  is  possib le  to b reak  up the p a rtic le  ag g lo m era tes , 
dislodge them  from  th e ir  o rig ina l s ite s  ( i .e .  g rain  boundaries and 
tr ip le  points) and fo rce  them  into the m a trix  grains.. By changing 
the d irec tion  of forging it  is  possib le  to avoid, or a t  le a s t , red u ce  
the  fo rm ation  of banded s tru c tu re  of oxide p a r tic le s , as is  u sua lly
the case  in  the extruded m a te ria l.
2 .1 . 6. P hysica l, M orphological and G eom etric Changes in
P a r tic le s  D uring P ro c ess in g  Stages
The shape, s ize , and d istribu tion  of the p a rtic le s  in d is p e r ­
sion -hardened  alloys depend la rg e ly  on the m ethod of the p ro d u c­
tion  opera tions that a re  usually  em ployed in  o rd e r to obtain e x tra  
s to red  energy as an additional streng then ing  m eans beyond pure  
d isp ersio n . Another fac to r that influences the s ize  and d is tr ib u ­
tion is  the volume frac tio n  of the p a rtic le s  added. The m ethods 
by which these  p a rtic le s  a re  obtained a re , as pointed out in  S ec­
tion  2 .1 .1 , v a ried , and thus p a rtic le s  of various com positions (in- 
te rm e ta llic  compounds, c a rb id es , n itr id e s  and oxides, e t c . ) of 
va rious shapes (spherica l, d isc , rod shaped, e t c . ) of va rio u s d en ­
sity  and in te rn a l s tru c tu re , can be obtained.
In the case  of alloys produced by m echanical m ixing, Bonis 
and G rant ^  have shown that the p ro cess in g  v a riab le s  (e .g . m ixing 
and sin tering ), play an im portan t ro le  in  de term in ing  the s tru c tu re  
of the com posite. When fine oxide p a rtic le s  a re  m ixed with com ­
para tive ly  la rg e  m atrix  p a rtic le s , the oxide p a rtic le s  tend to  form  
tightly  bunched c lu s te rs  of an effective s ize  of as much as 50 
tim es (depending on volum e frac tio n  of oxide added) tha t of the in ­
dividual powder p a rtic le s . They a ttrib u te  th is  c lu s te rin g  to an 
e le c tro s ta tic  a ttrac tio n  due to  the  high speed blending operation . 
T hese tightly  bunched c lu s te rs  of p a rtic le s  w ill tend to s in te r  (to 
an extent depending on the p a rtic le  p ro p e rtie s ) , and thus becom e 
la rg e  ’’so lid ” p a rtic le s  during the s in te rin g  operation . T he 'ex ten t 
to which these  c lu s te rs  w ill s in te r  (i. e. densify) during  s in te rin g  
will depend on the s in te ra b ility  of the p a rtic le s  them se lves under 
given conditions of m atrix , a tm osphere , tim e  and te m p e ra tu re .
Some of the c h a ra c te r is tic s  of the s in te re d  p a rtic le s  w ill be
64)fu rth e r  m odified during subsequent working opera tions. B alashov
has shown that non-m eta llic  inc lusions, e spec ia lly  those  in  ch a in -
-like  positions, a re  sp lit up during hot deform ation  of the m eta l and
65)en te r the f e r r i t ic  g ra in s . M alkiewicz and Rudnik ' have i l lu s tra te d  
a c o rre la tio n  betw een deform ation  of non-m etallic  inc lu sions (during 
ho t-ro llin g  of s tee l), ro lling  te m p e ra tu re  and m elting  te m p e ra tu re  
of the inclusions (i. e. th e ir  chem ical com positions).
C herubini and P e te r s o n 33 ,^ working on d isp e rs io n s  of u ran ium  
dioxide in s te e l, have concluded that changes in  the fab rica tio n  
p ro ce ss  profoundly affect the quality of the d isperions (d isp ers io n s 
in th is  case  w ere com paratively  la rg e  in  s ize , i. e . , of the o rd e r  
of 100 m icrons). They have observed  two types of defec ts ; f r a g ­
m entation and s tr in g e rin g . An app reciab le  f ra c tu re  tendency of 
sodium  ch loride  type non-m etallic  inclusions in  F . C. C. m eta l m a ­
tr ic e s  has a lso  been rep o rted  by W arrick  et a l.
In a study of the behaviour of inclusions in bery llium , under 
co m pression  at room  tem p era tu re , Koda and M orozum i ^  found 
that when a c ra ck  approaches inc lusions, including a c lu s te r  of 
oxide p a r tic le s , the c rack  is  developed with fu rth e r  defo rm ation  
accom panying the sep ara tio n  of the inclusions from  the m a trix  
a n d /o r  cleavage of the inclusions. C racking, re d is tr ib u tio n  and 
refinem ent of oxide agg lom erates during cold w orking (ro lling , 
swaging and drawing) of extruded S. A, P . has been observed  by 
Hess
The effect of cold working (especially  ro lling) on d e fo rm ab ili-  
ty - f ra c tu re  and red is tr ib u tio n  c h a ra c te r is tic s  of d isp e rsed  s e c ­
ond phase p a rtic le s  (both hard  and soft) has been a sub jec t of m any
69-72)in vestigations in the past A general conclusion  that can be
drawn on the b asis  of available inform ation is  that the amount of 
second phase deform ation depends on the re la tiv e  hardness of p a r ­
t ic le s  and m atrix, and that large hard and brittle  p a r tic le s , such  
as CuAlo and oxides, do not deform  with the m atrix during cold  
ro lling .
73)R ecently, F r a s e r  et al. , working on d is p e rs io n -s tre n g th ­
ened n ickel by com paction and ro lling  of powder p roduced by p r e s ­
su re  hydrom etallu rgy , have obtained an im proved d is trib u tio n  of 
th o ria  p a rtic le s  during cold ro llin g  a fte r  the  s tr ip  has been hot 
ro lled . They have dem onstra ted  th a t a fte r  hot ro llin g  the th o r ia  
p a rtic le s  w ere not uniform ly d is trib u ted  but tended to be in  d i s ­
continuous netw orks. During cold ro llin g  the netw orks w ere  b roken  
up and the th o ria  becam e uniform ly d istribu ted .
2. 2. D ispersion  Hardening
2.2.»1. G eneral C onsiderations
In rec en t y e a rs  num erous investigations have been c a r r ie d  out 
in  o rd e r to build up a fundam ental understanding  of the  m echan ism s 
of d isp e rs io n  hardening. It is  now accepted that m any of th ese  
phenom ena a r is e  from  the re s is ta n c e  to p las tic  defo rm ation  (i. e. 
d islocation  movement) produced by a d istribu tion  of o b stac les  in  
the sy stem . The basic  fea tu res  of a d isp e rsio n  s tru c tu re , which 
a re  re lev an t, can be lis te d  as follow s:
(i) the  n a tu re  of the d isp e rsed  phase (e. g* chem ical 
com position, la ttic e  s tru c tu re , stab ility  re la tiv e
to the m atrix  phase, agg lom eration  c h a ra c te r is t ic s , 
in te rfa c ia l energy, e tc . ), th e ir  streng th  and d e fo rm a ­
tion  c h a ra c te r is tic s .
(ii) geom etric  v a ria b le s  (e. g. d isp e rsed  p a rtic le  s ize  
and shape, in te rp a r tic le  spacing, volum e frac tio n , 
d is trib u tio n  within the m atrix , p re fe r re d  o r ie n ta ­
tion, e tc .) .
A detailed  d iscussion  of th ese  v a ria b le s  and th e ir  effects is  
1 2 )given elsew here  ' . The l i te ra tu re  re la tin g  to  the va rious p ro p e r ­
tie s  and s tru c tu re  of d isp e rsio n -h ard en ed  alloys has ex tensively
1) 74)been review ed by Bunshah and Goetzel , Heal and Hardy ' and
Kelly and Nicholson L ilholt and Hansen ^  have published a
s e r ie s  of com prehensive b ib liographies of the l i te ra tu re  re la tin g '
to a lm ost every  possib le  aspec t of d isp e rs io n  hardening.
75)Kelly and Nicholson ' have shown that the  d isp e rs io n -h a rd ­
ened alloys can be divided into two d is tin c t groups acco rd ing  to the 
shape of th e ir  s t r e s s - s t r a in  cu rves . The division is  thought to  
a r is e  from  the possib ility  of two d ifferen t m odes of defo rm ation  in  
th ese  a lloys; one involving sh e a r of the p a rtic le s , the  o ther in ­
volving the bowing out of d islocations betw een ad jacent p a r tic le s
The s t r e s s - s t r a in  cu rves of one group of alloys containing c o ­
heren t p rec ip ita te s  show no in c re a se  in  th e ir  work harden ing  
ra te , w hereas o ther group alloys containing non-coheren t p r e ­
c ip ita tes o r p a rtic le s  show considerab ly  h igher w ork h a rd e n ­
ing ra te  than the p aren t m atrix .
in  the m atrix  glide plane, and thus involving no sh e a r  of the p a r -  
t i d e s .  During deform ation, how ever, th e re  is  yet another v a riab le  
tha t plays an active  ro le ; th is  is  the long-range  in te rac tio n  of d is ­
location  with the p a rtic le  and th is may apply w hether the p a r tic le s  
a re  sh eared  o r not.
Thus it  w ill be app rop ria te  to divide the th eo re tic a l s tre n g th ­
ening m echanism s into th re e  groups:
(i) those tha t a re  concerned with the re su lts  of sh earin g  
p a rtic le s ,
(ii) those that a re  concerned with the non-deform ing 
p a r tic le s , and
(iii) those which m ay apply, ir re sp e c tiv e  of p a rtic le  
sh e a r .
As pointed out above, th eo rie s  of the la s t  kind a re  concerned  
with long-range in te rac tio n s  and because  of th e ir  genera lity , 
th eo rie s  of th is  kind w ill be considered  f i r s t .
2> 2. 2. Long-Range In terac tions betw een D islocations and
P a r tic le s
L ong-range in te rac tio n  fo rce s  a re  usually  recogn ized  a s  those 
fo rces  on the d islocation  due to the p a rtic le  when the d isloca tion  is  
at a d istance from  the p a rtic le  of the sam e o rd e r a s  the  p a rtic le  
spacing. Such in te rac tio n s may be of a num ber of d iffe ren t types. 
Two w ill be considered  h e re .
2. 2 ..2 .1 . In terac tion  of D islocation  and P a r t ic le  S tra in  F ie ld
A d islocation  in the m atrix  c ry s ta l  la ttic e  has a.n a sso c ia ted  
s tra in -f ie ld  which may in te ra c t with the s tra in  field , w ithin the 
m atrix , around the p a r tic le s . The fo rm e r  a r is e s  from  the b asic  
s tru c tu re  of the  d islocation , w hilst the  la t te r  can be due e ith e r  to 
coherency  s tra in s  in  the m atrix , o r to the  effect of a d ifference  in  
the physical p ro p e rtie s  of the p a rtic le s  and the m a trix  (ef g. th e rm a l 
expansion coefficient, atom ic volum e, e tc .) .  In dealing with th is  
kind of long-range in te rac tio n  fo rce  an obvious th e o re tic a l d iff i­
culty a r is e s  as to how to average  over the whole d isloca tion  line
the effect of the individual p a r tic le s . T h is difficulty was c le a r ly
11 )recogn ized  by Mott and N abarro  , who w ere the f i r s t  to a ttem pt
to  fo rm ula te  the m agnitude of such an in te rac tio n  fo r the  p a rtic u la r  
case  of coherency s tra in s .
They identify  the flow s t r e s s  (which may be defined as the 
s t r e s s  at which a d islocation  is  able to  move a la rg e  d istance  com ­
pared  with the in te rp a r tic le  spacing) with an a rith m etic  average  of 
the  in te rn a l sh e a r  s tra th  m ultip lied  by the sh e a r m odulus G. F o r  
sp h e rica l p a rtic le s  they obtain
w here t  = c r i t ic a l  reso lv ed  sh e a r  s t r e s s ,  f = volum e frac tio n  of 
the p a rtic le s , y = sh e a r  s tra in  a t each p a rtic le . T his average  is  
only valid  when the  d islocations can bend under the influence of the 
in te rn a l s t r e s s e s  to a rad iu s of cu rv a tu re  com parab le  to the se p a ­
ra tio n  of the p a rtic le s  in  the glide plane. The sm a lle s t rad iu s  of 
cu rv a tu re , p , th a t a d islocation  of B u rg e rs  v ec to r, b, and line 
tension , T , can be bent to by an applied sh e a r  s t r e s s ,  t  , is  given 
by the equation:
whence the separa tion , d, of the p a rtic le s  in  the glide plane m ust 
fu lfil the condition
If the in te rp a r tic le  spacing (d) is  le s s  than  tha t re q u ire d  by equa­
tion  (7), the type of ave rag ing  used  by Mott and N ab arro  becom es 
invalid , since the d islocation  is  unable to bend under the in te rn a l 
s t r e s s e s  so as to  rea ch  i ts  position  of equ ilib rium . When the s e p a ­
ra tio n  is  much sm a lle r  than the c r i t ic a l  value, as in  the c ase  of 
solid  solution strengthened  alloys (where s tra in s  a re  due to  d if fe r ­
ence in  atom ic volum e), another fo rm  of averag ing  can be ap -
Thus, fo r a d isp e rs io n  streng thened  system , th e  theo ry  of 
Mott and N abarro  p red ic ts  a c r i t ic a l  sep ara tio n  fo r m axim um  
streng th . P rov ided  the sep ara tio n  is  g re a te r  than th is  c r i t ic a l
t = 2Gyf (5)
(6 )
2The value of T fo r th is  case  is  approxim ately  equal to Gb /2 ,
p lie d 78' 79)
value, the flow s t r e s s  depends only on the s tra in  te rm , y, and on 
the volum e frac tio n  of d isp e rsed  phase p re sen t in the  alloy.
M ore recen tly , H a r t ^  has suggested  that, at the c r i t ic a l  
spacing, the d islocations m ust p ass  through the p a r t ic le s . The flow 
s t r e s s  is  then  unlikely to be con tro lled  by the m ean in te rn a l s t r e s s ­
es. R ather, the  fo rces  due to the in te rac tio n  of the in te rn a l s t r e s s ­
e s , as the d islocation  approaches the p a rtic le  m atrix  in te rfa c e , a re  
likely  to be of im portance .
2. 2. 2.,2. The E lastic  N on-U niform ity Effect
The energy of a d islocation  in  an e la s tic  m edium  depends on 
the e la stic  m odulus of the m edium . Hence the  energy of a glide 
d islocation , moving in  a m atrix  containing p a rtic le s  of d ifferen t 
e la stic  modulus from  that of the m atrix , m ay depend on i ts  position  
with re sp e c t to the p a rtic le s . Head has shown that a sc rew  
or edge ^  d islocation  of B u rg e rs  vecto r b in  a m a tr ix  of sh e a r  
m odulus Gm is  rep e lled  by an in fin ite  w all, no rm al to the s lip  
plane of the d islocation , and a t a d istance  fx ! from  it if  the  m odu­
lus r i s e s  a t the d iscontinuity  to G . The effect is  the  sam e as  if aP
dislocation  of s treng th  (i. e. B u rg e rs  vector)
<V°J
(Gp+Gm )
w ere located  on the s lip  plane a t a d istance  fx ’ on the o ther s id e  of 
the in te rface . The m agnitude of the rep u ls iv e  fo rce , F  , p e r  unit 
length of d islocation  at a d istance  ’x 1 from  an infin ite  in te rfa c e  and 
no rm al to the glide plane is  given by
G (G -G ) b2
F -  m P m (8)
r  (Gp+Gm ) 2 n x
w here b is  the B u rg e rs  v ec to r of the d islocation  in  the  m a trix .
In p rac tic e , however, the second phase p a rtic le s  a re  d isc re te
and the m agnitude of the rep u ls iv e  fo rce  can be obtained, v e ry  ap -
85}prox im ate ly , by the method of F le is c h e r  , y ield ing  a v e ry  a p ­
prox im ate  value for the m ean back s t r e s s ,  as
d being the sep ara tio n  of p a rtic le s  in the s lip  plane, of volum e 
frac tio n  f.
2. 2. 3, The Flow  S tre ss  of Alloys in  which P a r tic le  Shearing
O ccurs
2. 2. 3 .1 . G eneral C onsiderations
All th eo rie s  of d isp e rs io n  streng then ing  depend on the  d is ­
p e rse d  phase c rea tin g  an obstruction  to  the m ovem ent of d is lo c a ­
tions w ithin the m atrix  phase. However, if the d isp e rsed  p a r t ic le s
; ' sh e a r  during the deform ation  p ro ce ss  (i. e. m a trix  d isloca tions
p ass  through the p a rtic le s  in stead  of being anchored  against them ), 
then  an in c re a se  in  the p a rtic le  su rface  a re a  will be produced 
consequently, the  flow s t r e s s  and work hardening  c h a ra c te r i  s t ie s  
of the com posite w ill be a lte re d . In th is  section , th e re fo re , an a t ­
tem pt w ill be made to  exam ine th is  aspec t m ore c losely .
A d islocation  is  considered  to be a flex ib le  line  under a line  
tension  T . The sm a lle s t rad iu s , p , to  which such a line , under a 
sh e a r  s t r e s s  t  can be bent, i s  given by equation ( 6 ) .  It is  a lso  
known that when the applied sh ea r s t r e s s  on a sy stem  is  in c re a se d , 
the  s t r e s s  acting on the d islocation  is  in c reased .
Now consider a d isp e rsio n -h ard en ed  m a te ria l of s tren g th  
in which the p a rtic le s  a re  sep a ra ted  from  th e ir  n e a re s t neighbours 
in  the glide plane by a m ean d istance  d, in  a m a trix  of s tren g th , 
t  , containing d islocations. In th is case , the s t r e s s  on a d is lo c a ­
tion  m ust exceed the sum  of r  and any active  lo ng -range  in te ra c ­
tions, of the kind d iscussed  in  Section 2. 2. 2, befo re  the  d isloca tion  
can  s ta r t  moving. As the sh ea r s t r e s s  is  fu rth e r  in c re a se d , e ith e r 
of two p o ss ib ilitie s  can occur. If the additional s t r e s s  needed to 
sh e a r  the p a rtic le  is  le s s  than 2T /bd , (2T /bd = Tb ow ouf.» w*iere  
tbow -ou t *s ^ ie s t r e s s  n e c e ssa ry  to bend a d islocation  betw een 
obstac les in  the glide of sep ara tio n  d), the p a rtic le  w ill be sh e a re d  
at the yield s t r e s s .  If, how ever, the additional s t r e s s  n e c e ssa ry  to 
cause  p a rtic le  sh e a r  is  g re a te r  than th is  value, the d isloca tions w ill
be able to move by bending betw een ad jacen t p a rtic le s  and the p a r -
84)t i d e s  w ill not be sheared  at the y ield  s t r e s s .  It can be shown ' 
that p a rtic le  sh earin g  w ill occur a t the y ield  s t r e s s  if
w here is  the sh e a r s t r e s s  contribution  due to long-range  in te r ­
action.
When p a rtic le  sh earin g  occu rs , the m ajo r con tribu tion  to the 
flow s t r e s s  m ay a r is e  from  the work done in  the actual cutting 
p ro c e ss , i. e. in  c rea tin g  a new su rface  and thus in c re a s in g  the 
p a r tic le -m a tr ix  in te rfa c ia l a re a . It becom es n e c e ssa ry , th e re fo re , 
to evaluate any sh o rt-ra n g e  s t r e s s  field  in te rac tio n s  which m ay o c­
cu r a s  the d islocation  approaches the p a r t ic le -m a tr ix  in te rfac e .
The re s is ta n c e  to sh e a r of a coheren t p a rtic le  is  governed  by 
75)
the following fac to rs
(i) The in te rac tio n  betw een the  m oving d islocation  and 
the s t r e s s  field  around the p a rtic le  at sm all d is tan ces 
from  it.
(ii) In terna l o rd e r-d iso rd e r  condition of the p a r tic le s .
(iii) The la ttic e  p a ra m e te r  d ifferences betw een m atrix  
and that of the p a rtic le s .
T hese fac to rs  w ill be considered  sep ara te ly .
2 .2 . 3. 2. Short-R ange S tre ss  F ie ld  In teractions
T hese a re  v e ry  difficult to evaluate fo r the re a l  c ase  of a d is ­
location  approaching a p a rtic le . Two approaches a re  p oss ib le . 
T hese  a re  to t r e a t  the p a rtic le  as an inclusion  or as a loop of edge 
d islocations. The second approach  has been used  approx im ate ly  by 
Kelly and Nicholson and by F le is c h e r  F o r  the p a r tic u la r
case  of zones in  the A l-Cu system , F le is c h e r  obtained the follow ­
ing re la tio n ,
t  = o, 2-7 g  • 4 r  (bCl   ^ (H )b d
w here  C is  the atom ic frac tio n  of solute in  the fo rm  of zones, d is
the m ean zone d iam ete r, Ab = I b -b L1 m p ' 86)
Kelly and N icholson, following Saada’s ' re la tio n  fo r  fo re s t
cutting, obtained the following,
w here d is  the glide plane sep a ra tio n  of p a r tic le s , b is  iden tified
P
as the discontinuity  in  e la stic  d isp lacem ent, obtained when a 
B u rg e rs  c irc u it is  m ade through p a rtic le  and m atrix*
2. 2. 3. 3. In te rna l O rd e r-D iso rd e r  Condition of the P a r t ic le s
When sh earin g  of a d isp e rsed  p a rtic le , o r p a rtic le  ag g lo m er­
ate , occurs by m ovem ent of a m a trix  glide d islocation  through it, 
w ork m ay be done by the d islocation  as a re s u lt  of two chem ical 
considera tions: (a) when the p a rtic le s  a re  in te rn a lly  d iso rd e red , 
o r (b) when the  p a rtic le s  a re  in te rn a lly  o rdered . In the  f i r s t  c ase , 
which is  a  m ore  genera l one, th e re  w ill alw ays be changes in  the
num ber of n e a re s t neighbours of each of the two atom ic sp ec ies
87 88)around atom s at the p a rt of the in te rface  that undergoes sh e a r  ' ' .
In the second case , when the p a rtic le s  m ay be o rd ered  in te rn a lly , 
work w ill be done in providing a d iso rd e red  plane, if the B u rg e rs  
vecto r of the m atrix  d islocation  is  not a rep e a t d istance  fo r the  o r ­
dered  s tru c tu re
75)Kelly and Nicholson 1 have closely  exam ined the con tribu tion  
to the flow s t r e s s  due to th ese  two considera tions. They have shown 
that when a d islocation  p en e tra te s  an in te rn a lly  o rd ered  p a r tic le , 
the p a rtic le  is  sheared  and during  the p ro c e ss  of sh earin g , a new 
su rface  consisting  of two reg ions, is  produced. They have in tr o ­
duced two su rface  energy te rm s ; y , the energy  p e r  unit a re a  of 
the sh eared  p a rtic le  m atrix  in te rfac e , and y^ the energy p e r  unit 
a re a  of a plane within the p a rtic le  which has been d iso rd e re d  by the 
sh e a r p ro c e ss . Then they have pe rfo rm ed  two kinds of energy  b a l­
ance. The f i r s t  equafesthe to ta l change in  energy in  a s lip  p lane to  
the work done by the applied s t r e s s  in  m oving a d isloca tion  co m ­
p letely  a c ro ss  the  plane. F o r  coheren t and sp h e rica l p a r t ic le s  of 
uniform  rad iu s , r ,  the value of the  applied s t r e s s  n e c e ssa ry  to 
move the d islocation  they have obtained is
fvn 3 ,___  fvs
T = _ p  + t  , V2/F • —  (13)
b n r
The d iso rd e r te rm  depends only on the a re a  frac tio n  encoun tered
by the d islocation  as i t  t ra v e rs e s  a la rg e  a re a  of glide plane. The 
in te rfac e  te rm , on the o ther hand, depends on both the s iz e  and 
shape of the  p a rtic le s , since  v a ria tio n s  of these  p a ra m e te rs , at a 
constant volum e frac tion , w ill a lte r  the a re a  of in te rfac e  produced 
by the passage  of the glide d islocation . Equation (13) re p re se n ts  a 
low er lim it of the contribution  to  the flow s t r e s s ,  as the aiithors 
point out, because the energy is  averaged  over the e n tire  glide 
plane. The flow s t r e s s  m ay be con tro lled  in stead  by the upper lim it 
obtained by balancing the work done in  moving the d islocation  from  
a position  ju s t behind it, with the energy needed to sh e a r  the  single 
p a rtic le . The re la tio n  obtained in th is  way, again fo r coheren t 
sp h e rica l p a rtic le s  of uniform  s ize , is  given by Kelly and N ichol­
son as
T h is re su lt depends on the re la tio n  betw een the lin e a r  p a rtic le  f r a c ­
tion and the glide plane sep ara tio n  of p a rtic le  c e n tre s , and w ill 
th e re fo re  be sen sitiv e  to p a rtic le  shape as w ell as volum e frac tio n . 
A lso, an approxim ation is  used  to evaluate the a re a  of in te rfac e  
produced by the  sh e a r. T h is approxim ation  is  only valid  fo r p a r ­
tic le s  fo r which r g ) )  b, w here r g is  the  p lanar rad iu s  of the p a r -
A nother model is  used  by the  sam e au thors to  obtain a m ore  
g enera l re la tio n  fo r p a rtic le s  which a re  n e ith e r com pletely  c o ­
h eren t nor sp h erica l. The re s u lt  is  that
w here d is  the m ean p lanar sep ara tio n  of p a rtic le  c e n tre s , A. -  
m ean length of lin e a r  in te rse c tio n  with p a rtic le s  in  the  glide p lane, 
Ai = (b. n) b = is  the a re a  of new in te rfac e  produced when a d is lo ­
cation  advanced a d istance equal to  the  m atrix  B u rg e rs  v ec to r in  
the p a rtic le  (where n is  a unit v ec to r no rm al to the in te rface ).
3 2
ft)?., cos ft a cont r ibution due to the m atrix  and glide p lanes being 
re la te d  by a sm a ll angle of til t ,  p is  the  angle betw een the m oving 
d islocation  line and i ts  B u rg e rs  vecto r.
(14)
t id e .
3 2
(15)
2. 2. 3. 4. The L attice  P a ra m e te r  D ifference E ffect
If the la ttic e  p a ra m e te r  of the  m atrix  and the p a rtic le  d iffer, 
th e re  w ill be a contribution  to the  work done during the sh e a r  p ro c ­
e s s ,  due to the  fo rm ation  of a m isfit d islocation  in  the in te rfac e .
T his can apply both to  coheren t and to non-coheren t p a r tic le s .
85)F le is c h e r  ' a ttaches physical significance to  th is  in te rfac e  d is lo ­
cation , which has a B u rg e rs  v ec to r of b ^  - b , even when th is  is  
ve ry  sm all.
If the slip  plane in  the p a rtic le  is  tilted  with re sp e c t to tha t of 
the m atrix , i t  m ay be n e ce ssa ry  to fo rm  a jog in  the d isloca tion  as 
i t  en te rs  the p a rtic le . A length of new d islocation  m ust then  be 
c rea ted  by the applied s t r e s s  at the in te rface , and th e re fo re  an in ­
c re a se  of applied s t r e s s  is  n e c e ssa ry  to move the d isloca tion  from
92)the in te rface  into the in te r io r  of the p a rtic le  .
F ina lly , one m ust a lso  consider the possib ility  of non-coheren t 
p a rtic le s , not n e c e ssa r ily  re la te d  to the m a trix  in  a sim ple  way, 
containing d islocations th em se lv es. If the sh ea r s t r e s s  n e c e ssa ry  
to cause these  d islocations to glide is  of such a m agnitude th a t it 
can be provided by the p resen ce  of a m atrix  d islocation , o r d is lo ­
cations, n ear the p a rtic le  m a trix  in te rface , Kelly and N icholson have 
derived  for th is  case  the re la tio n  that
3G (Ab)2
T = • ,' h.....  < 1 6 >bpd
w here G is  the sh e a r modulus of the p a r tic le s , Ab is  the d if fe r ­
ence in  B u rg e rs  vecto r betw een p a rtic le  and m atrix , b is  the  
B u rg e rs  v ec to r in  the p a rtic le  and d is  the in te rp a r tic le  d is tan ce .
2 .2 .4 . The Flow  S tre ss  of Alloys in  which Y ielding O ccurs 
without P a r tic le  Shearing
If the contribution to the flow s t r e s s  due to  sh e a r  of the  p a r ­
tic le s  to ta l an amount g re a te r  than ^   ^ (see Section 2 . 2 . 3 .1 ),
then the alloy w ill yield  by a m echanism  not involving p a r t ic le  sh e a r . 
The m echanism  of d isp e rs io n  streng then ing  which have been p o s tu ­
la ted  fo r th is  la t te r  case  w ill now be considered .
2. 2. 4 .1 . D islocation  Bowing Model
The f i r s t  and s t i l l  the only th eo re tica lly  sound m echanism  fo r
93 94)yield  without sh e a r is  that due to  Orowan 9 , who proposed
tha t the flow s t r e s s  of such an alloy could be ex p ressed  as:
prp
T flow = Tm + b J  (17>
w here t  is  the sh e a r streng th  of the m atrix . 
m 95)
Ashby ',  following Orowan, has pointed out tha t th e re  m ay be 
additional contributions due to som e of the effects m entioned in  
Section 2 .2 .2 , and tha t these  w ill have two contribu tions (a long 
range one and a sho rt range one), which in  genera l will cause  a 
d islocation  to "stand  off" from  a p a rtic le , reducing  the effective 
value of the p a rtic le  spacing. Ashby concludes tha t, fo r  m ost s y s ­
tem s, th ese  con tributions w ill be sm all, but fo r the sake of com ­
p le teness they should be included, viz..
T -  = T + T-, +------5-- (18)flow m l r  , ,d v v 'b ( - - x )
w here x is  the "stand  off" d istance  of the d islocation  from  the 
p a rtic le .
W hereas the Orowan contribution, fo r sp h e rica l p a r tic le s , is  
given by
(19)Orowan b (R _-r )
w here R is  one half of the m ean slip  p lan a r sep a ra tio n  of p a rtic le
cen tre , r g is  the m ean, effective, s lip  plane rad iu s  of a p a r tic le ,
including the effects of "stand  off" d istance . The re la tio n  betw een
R , r  , p a rtic le  rad iu s r  , and volum e frac tio n  V . has been d e- 
95)riv ed  by Ashby . In o rd e r to evaluate the Orowan con tribu tion
the line tension , T, m ust a lso  be estim ated . The values of T fo r
96)a c irc u la r  loop o rig inally  given by N abarro  ' has been sim plified
75)by Kelly and Nicholson '» Substituting th is  in  equation (19) gives
Ch it  _ = —  In — -— — —  ----  (20)Orowan 4n b Rs ' r s
95 97 98)T his is  the form  of the theory  tha t has been widely used  7 * .
2. 2..4. 2. R esidual Loop Model 
99 100)A nsell and L enel ' ' have p resen ted  another d islocation
m odel in  o rd e r to account fo r the y ield  behaviour of d isp e rs io n - 
-hardened  alloys. D islocation  loops a re  considered  to be fo rm ed  
at d islocation  so u rces under the action  of an applied s t r e s s .  As 
the d islocation  loops expand from  the so u rc es , they a re  e ith e r 
blocked from  fu rth e r  m otion by the d isp e rsed  p a r tic le s , o r  they 
continue to move by bowing about the d isp e rsed  p a r tic le s , leaving  
re s id u a l loops surround ing  each p a rtic le . The s t r e s s  re q u ire d  to 
bow d islocation  loops about the d isp e rsed  p a rtic le s  is  the  y ield  
s t r e s s  in the "Bowing Model" c r ite r io n  fo r yielding, which p r e ­
d ic ts that the y ield  s t r e s s  of such alloys is  in v erse ly  p ro p o rtio n a l 
to the d isp e rsed  p a rtic le  spacing. However, A nsell and L enel, in  
th e ir  m odel, have postu lated  tha t even when the  d isloca tions m ove 
past the d isp e rsed  p a rtic le , leaving re s id u a l d islocation  loops 
su rrounding  the p a rtic le s , y ielding does not re su lt.
They suggest that in o rd e r to  cause  an apparen t y ield ing , the 
sh e a r  s t r e s s  due to the d islocations p iled  up around o r again st the 
p a rtic le s  m ust f ra c tu re  the d isp e rsed  second-phase  p a r tic le s .
T his is  thought to re liev e  the back s t r e s s  on the d isloca tion  so u rce  
and a lso  to in c re a se  the s t r e s s  on the leading  d islocation . T he d is ­
locations can then sweep out on the s lip  plane which a re  la rg e  in  
com parison  with the d isp e rsio n  spacing.
On the b asis  of the p reced ing  m odel, they have obtained two 
exp ress ions fo r the y ield  s tre s s ; ' one fo r d isp e rs io n -h a rd en ed  a l ­
loys containing very  sm a ll p a rtic le s , and the second fo r a lloys
whose p a rtic le  ra d ii a re  in  the s ize  range  r  ^ G’b/o* (fory. s.
sp h e rica l p a rtic le s ) . T hese a re , fo r la rg e  p a r tic le s ,
v . .  - f w  «21>
and fo r fine p a r tic le s ,
% s = ———nr <fine> (22)y * * 4 C. (0. 82-fi / '3)
w here ~t-2~ = Q*- rJ  , G* is  the  sh e a r  m odulus of the p a r t ic le s ,2r  ^ l/o
G of the m atrix , d is  the spacing  betw een the  p a r tic le s , f is  the
volum e frac tio n  of the sp h e rica l p a r tic le s , and C is a constant ap ­
p rox im ate ly  equal to 30.
Thus, the m odel proposed  by A nsell and L enel p re d ic ts  tha t 
fo r  alloys containing sp h e rica l p a r tic le s , whose ra d ii  a re  le s s  than
G b /c r  the yield  streng th  is  p roportiona l to the cube roo t of they. s *
volum e frac tio n  of the d isp e rsed  phase, while fo r la rg e r  p a rtic le s  
the  y ield  stren g th  is  p ropo rtiona l to the  re c ip ro c a l sq u a re  roo t of 
the d isp e rsed  p a rtic le  spacing.
3, 2. 5. W ork-H ardening
We have seen  (Section 2. 2 .1) tha t the d isp e rs io n -h a rd en ed  a l ­
loys can be divided into two d istinc t groups accord ing  to the  shape 
of th e ir  s t r e s s - s t r a in  cu rves. Most alloys containing zones o r co ­
h eren t p a rtic le s  or non-coheren t p a r tic le s , which deform  and 
eventually f ra c tu re  during the  deform ation  of the m a trix , belong to 
Group 1. The a lloys of Group 2, on the  o ther hand, include those 
tha t contain non-deform ing, non-coheren t p a r tic le s .
The work hardening behaviour of Group 1 a lloys c lo se ly  r e ­
sem bles that of the m atrix  m a te r ia l if  the tem p era tu re  is  su ffi­
c iently  low. However, the w ork-hardening  c h a ra c te r is t ic s  of 
Group 2 alloys a re  d istinguishably  d ifferen t from  those  of the  m a­
tr ix , T h ere  a re , a t p re sen t, two th eo rie s  which a ttem pt to  account 
quantitatively  fo r the enhanced ra te  of work hardening  tha t i s  ob­
se rv ed  in  p rac tic e . T hese will be d iscussed  below.
2. 2. 5.1., The T heory  of F is h e r , H art and P ry
The f i r s t  theory  which a ttem pts to  account fo r the con tribu tion  
to the  ra te  of work hardening  of a m atrix  due to the p re se n c e  w ithin 
i t  of a d isp e rs io n  of non-deform ing p a rtic le s  of a second phase, is  
that of F is h e r  et al. T hese au thors consider the  case  of an a l ­
loy which y ields by the Orowan m echanism , the d isloca tions bending 
betw een adjacent p a rtic le s  in  th e ir  glide p lane . One s lip  sy s tem  only 
is  envisaged to opera te , and the d islocations a re  s tr ic t ly  confined to 
the  glide plane. Under these  conditions, opera tion  of the Orowan 
m echanism  leads to the fo rm ation  of g lis s ile  d islocation  loops around 
the p a r tic le s , lying in  the glide plane.
The loops encirc ling  the p a rtic le s  ex e rt s t r e s s e s ,  both on the 
p a rtic le s  and on the  m atrix  glide p lanes. F is h e r  et a l. co n sid er the 
back s t r e s s  on the glide plane to be re sp o n sib le  fo r the con tribu tion
to the work hardening due to the p a rtic le s . The au thors evaluate  
the in c rem en t of flow s t r e s s  due to the  p resen ce  of N concen tric  
loops around p a rtic le s  of p lanar rad iu s  ' r ,,1 and volum e frac tio n  f. 
They obtain
. B c f3/2 NGb 
h
w here C is  a constant th a t the  au thors take to be about 3.
F o r  a constant volum e frac tio n  of the d isp e rsed  phase, the in ­
c rem en t of the flow s t r e s s  due to w ork hardening  at a p a r tic u la r  
s tra in  (p a rticu la r value of N), is  re la te d  in v erse ly  to the p lan a r 
rad iu s of the  p a rtic le s . A fin e r d isp e rs io n  then produces a h igher 
ra te  of work hardening  than a c o a rse r  d isp e rs io n  of the sam e v o l­
um e frac tio n . Also, fo r p a rtic le s  of the sam e s ize , the in c rem en t 
of hardening  at a given value of N depends on the th re e  halves 
power of the volume frac tion .
The quantity —- is  a m easu re  of the sh e a r  s t r e s s  exerted
r s
by the N loops on both the m atrix  and the p a r tic le s . F is h e r  e t al. 
p red ic t that w here th is sh e a r  s t r e s s  rea ch e s  a c r i t ic a l  value, t ^, 
the increm en t of hardening due to the p a rtic le s  rea ch e s  a m axim um . 
That is ,
t  ' = 3  f 3/ 2. X (24)max c ' '
Nc Gb
w here t 1 = --------- , which is  dependent on the sh e a r  s tren g th  of the
g
p a rtic le s , o r the s t r e s s  fo r the b reak-dow n of the p a rtic le  m a trix  
in te rfac e . The m ain objection to th is  theo ry  is  tha t i t  is  an o v e r-  
-sim p lifica tion . It m akes no allow ance fo r s t r e s s  re l ie f  on the  
p rim a ry  slip  sy stem  by slip  on o ther sy s tem s, nor does i t  include 
any contribution  at a ll from  d isloca tion -d isloca tion  in te ra c tio n s .
A nother c r itic ism  that has often been put fo rw ard  is  th a t the 
tem p era tu re  dependence of the in c rem en t of flow s t r e s s ,  due to 
w ork hardening, at a given s tra in , is  p red ic ted  as being only the 
sam e as that of the sh e a r modulus (G). Most p rev ious investiga tions 
have revealed  a tem p era tu re  dependence of much la rg e r  m agnitude 
than  th is . However, th is  strong  te m p e ra tu re  dependence m ay be 
caused  by the la rg e  tem p era tu re  ra te -dependence  of a re c o v e ry  
p ro c e ss . The " tru e"  tem p era tu re  dependence of the harden ing  
p ro cess  may not be as la rg e  as has been thought, and m ay be in  a c -
cord an ce w ith the p red ic tio n  of the th eory  once the real,, but m is ­
lead in g , e ffec t of the r e c o v e r y  p r o c e s s  has been  su btracted .
2. 2. 5. 2. The T heory  of Ashby 
95)A shby ' has attem pted to fo rm u la te  a th eory  w hich in c lu d es  
s lip  on s e v e r a l s y s te m s *  and d is lo c a tio n -d is lo c a tio n  in te r a c tio n s ,  
b e s id e s  p red ictin g  a la r g e r  tem p eratu re  dependence for  th e in c r e ­
m ent of sh ea r  s t r e s s  at a g iven  stra in . H is s ta r tin g  point i s  the ob ­
ser v a tio n  , by h im se lf  1 0 2 -1 0 3 ), o th ers *^4, 97 )^  that a c e llu la r  
netw ork of d is lo c a tio n s  is  form ed  on d eform ation , the c e l l  s i z e  b e ­
ing  about the sa m e  as  the sep a ra tio n  of the p a r t ic le s , and the th ic k ­
n e ss  of c e l l  w a lls , w hich contain  m o st of the d is lo c a tio n s , bein g  
about the sa m e  as  the p a r tic le  s iz e .  T he c e llu la r  s tr u c tu r e  i s  found  
to  be ex ceed in g ly  sta b le  to annealing . T h is ob serv a tio n  i s  r e f le c te d  
in  the m ech a n ica l t e s t  r e s u lt s  of Gatti and P u llm a n  an(j W o o d ^ ^ ,
who show ed that deform ed  p o ly c r y sta ls  of in tern a lly  o x id ized  a llo y s  
have a flow  s t r e s s  w hich i s  s im ila r ly  stab le  to  annealing.
Ashby co n sid ers  the s t r e s s  n e c e ssa ry  to fo rce  a glide d is lo c a ­
tion  through the cell s tru c tu re . He iden tifies the s t r e s s  with the in ­
c rem en t of flow s tr e s s  due to w ork hardening, and a ttem p ts to 
evaluate it by considering  the in te rac tio n s  of the glide d isloca tion  
with two types of b a r r ie r .  The f i r s t  of these  has a la rg e  ac tiva tion  
energy and th e re fo re  m akes a contribution  to the  in crem en t of flow 
s t r e s s ,  which has only a sm a ll dependence on tem p era tu re . Ashby 
w rites the in crem en t of flow s t r e s s  n e c e ssa ry  to overcom e th is  type 
of b a r r ie r  as
0. 2GbT = ------------
1 Li
w h ere i s  the sp acin g  of the b a r r ie r s  in  the g lid e  p lan e.
The second type of b a r r ie r  has a sm a lle r  activa tion  energy , 
and m akes a contribution  to the flow s t r e s s  which is  dependent both 
on tem p era tu re  and s tra in  ra te :
Uo - kT In ( j  (25)
Ashby proposes that in  a F . C. C. m atrix  com parab le  am ounts of 
slip  w ill take place at le a s t on th re e  s lip  sy stem s in  o rd e r  to  p ro ­
duce elongation without la ttic e  ro ta tion .
b2 L.
w here L 9 is  the glide plane spacing of th is  type of b a r r ie r ,  U is  z o
the activation  energy of the d islocation  in te rac tio n  with the b a r r ie r s ,
ra te , and T is  absolu te  tem p era tu re , Ashby then assu m es that 
T g /^ i ~ 1, because of the  observed  la rg e  dependence of the  work 
hardening ra te  on tem p era tu re . He a lso  assum es tha t a glide d is lo ­
cation  s lip s a d istance  which is  much la rg e r  than the c e ll s iz e , and 
obtains
w here A t  is  the d ifference in  sh ea r s t r e s s  at ten s ile  s tr a in s  of 0
th is  exp ression  should be 0, 8).
The proposition  of the above theo ry  that equal am ount of s lip  
w ill take p lace at le a s t on th ree  non-cop lanar slip  sy s tem s has been
T his is  based on the fac t that, if  the p a rtic le s  do not deform  p la s t i ­
cally , and the m a tr ix /p a r tic le  in te rfac e  does not f ra c tu re , then s e c ­
ondary slip  (by p rism a tic  punching and nucleation of secondary  glide 
loops) m ust take place locally  round each p a rtic le  when the c ry s ta l  
is  deform ed. The density  of secondary  d islocations r i s e s  s teep ly  
with s tra in , and ac ts  as a fo re s t im peding the m ovem ent of p r im a ry  
glide d islocations.
He f i r s t  considers the re la tio n  betw een the loop density  and the 
s tra in . F ro m  th is , he obtains the to ta l fo rce , opposing the m otion 
of unit length of d islocation  due to a ll loops. Equating th is  to the 
fo rce  due to the s t r e s s  in crem en t above the in itia l y ield  s t r e s s ,  he 
obtains,
w here t ,  = cr -<r is  the s t r e s s  in c rem en t, 2r  is  the m ean p a r tic le  h o  v *
d iam ete r, and G, b, f have the sam e m eaning as in  equation (26).
2 .2 .5 .3 .The T em p era tu re  Dependence of W ork H ardening
k is  B oltzm an’s constant, £ is  a frequency fac to r, £ is  s tra in
(26a)
and 6, m easu red  at p a r tic u la r  values of 6 and T (the fac to r 1 /2  in
shown experim en tally  to be fa lse  by Ebeling and Ashby F o l ­
lowing th is , Ashby has put fo rw ard  the Secondary Slip T heory .
(26b)
In the  preced ing  section  we have seen  that the y ield  and flow
s t r e s s  of po lycry sta lline  specim ens containing a d isp e rs io n  of 
non-coheren t p a rtic le s  a re  strong ly  tem p era tu re  dependent. Now, 
it is  of in te re s t  to  exam ine the deg ree  of dependence of the work 
hardening of these  alloys on tem p era tu re .
G regory and Smith deform ed in te rn a lly  oxidized s ilv e r  a l ­
loys containing e ith e r s ilic a  o r alum ina at te m p e ra tu re s  from  18°C 
to 590°C. In a ll c a se s , they found that the in itia l r a te  of w ork h a rd ­
ening was much g re a te r  than that of pu re  s ilv e r , being about 0. 05 E , 
w here E is  Young's m odulus. A fter about 10 p e rcen t s tra in , the 
cu rves fla tten  off and becom e p a ra lle l to the work harden ing  curve  
fo r pure  s ilv e r . The sam e type of behaviour is  shown by z irconium  
containing p a rtic le s  of the in te rm e ta llic  compound Z r C r g ^ ^ .
The te m p era tu re  dependence of the s t r e s s - s t r a in  cu rv es  of 
va rious p o ly cry s ta ls  containing a d isp e rs io n  of second phase  p a r ­
tic le s  has been investigated  by Shaw et a l. and by K eeler 
F ro m  the re s u lts  of Shaw et a l . , on Al containing CuAlg the  in itia l 
ra te  of work hardening appears  to be a l it t le  g re a te r  a t low te m p e r ­
a tu re s . It is  a lso  seen  tha t as the tem p era tu re  is  d e c rea se d  th e re  
is  .a slight in c re a se  in  the s tra in  a t which the s t r e s s - s t r a in  cu rves 
of the alloy with a d isp e rsed  phase, and tha t without, becom e p a r a l ­
le l.
K eeler a lso  found that the increm en t in  flow s t r e s s  due to 
a d isp e rs io n  of Z rC rg  in  Z r becam e m uch la rg e r  w ith a d e c re a se  
in  tem p era tu re . K eeler re m a rk s  tha t the  in c re a se  in  flow s t r e s s  
due to the d isp e rsed  phase, when ex p ressed  as a frac tio n  of the  
flow s t r e s s  of the unalloyed m a te ria l, is  independent of te m p e ra tu re . 
T his re s u lt  is  lim ited  to te m p e ra tu re s  below that a t which r e c r y s ­
ta lliza tio n  of the unalloyed m a te r ia l can occur. The sam e s ta tem en t
111 )seem s to be qualitatively  tru e  from  the re s u lts  of Shaw et a l. .
2 .2 .6 . The T em peratu re-D ependence  of D isp ersio n  H ardening
The tem p era tu re  dependence of the y ie ld  and flow s t r e s s  of a 
d isp e rsio n -h ard en ed  alloy w ill generally  be governed by the  fo llow ­
ing fac to rs :
(i) The effect of tem p era tu re  on the flow c h a ra c te r is t ic s  
of the m atrix  itse lf .
(ii) The effect of tem p era tu re  on m odulii of the sp ec ie s  
concerned.
(iii) The m orphology and d istribu tion  of the second phase 
p a rtic le s .
It is  an estab lished  fac t that the yield  s t r e s s  and flow s t r e s s  of
iro n  and b. c. c. m eta ls  in genera l a re  strong ly  te m p e ra tu re  depend-
112 )ent. Heslop and F etch  ' have shown that in  a -iro n , a t le a s t  b e ­
tween 110 and 300 °K ^^*  -^4)^ tem p era tu re  dependence of the 
low er y ield  s t r e s s  is  a lm ost exclusively  due to the te m p e ra tu re  d e ­
pendence of the fric tio n a l s t r e s s  acting on f re e  d isloca tions . F u r -
114)th e r , it  has been shown ' that the tem p era tu re  dependence of the
flow s t r e s s  is  the sam e as that of the y ield  s t r e s s ,  and tha t the  p a rt
of the flow s t r e s s  which depends on tem p era tu re  is  independent of
s tra in , thus suggesting  the ex istence  of an in tr in s ic  fr ic tio n a l s t r e s s .
115)Stein and Low ’ have considered  the  effect of n o n -m eta llic  
inclusions on the te m p era tu re  dependence of edge d islocations in  
silicon  iron . They concluded tha t although inclusions ac t as s t r e s s  
r a i s e r s  to unlock the pinned d islocations, th e ir  m ovem ent is  r e ­
s tr ic te d  only in  the vicin ity  of the inclusions w here the  s t r e s s e s  a re  
high. F o r  m acroscop ic  yielding to occur, how ever, d islocations m ust 
move over long d istances and they suggest that th is  m otion is  con­
tro lled  by w hatever la ttic e  re s is ta n c e  is  c h a ra c te r is tic  of the te m ­
p e ra tu re  of deform ation. The sam e au tho rs have a lso  d iscu ssed  the 
tem p era tu re  dependence of the flow s t r e s s  fo r an alloy which was 
hardened by in te rn a l s tra in s  of the type considered  by Mott and N a- 
b a rro
The influence of obstac les , which r e s t r i c t  the m ovem ent of d is ­
locations in  the  s lip  plane, on the te m p era tu re  dependence of m eta ls
containing them  has been analysed by Seeger following M o t t ^ ^ .
118)His analy sis  takes the width of the  obstacle  into account. F r ie d e l  , 
how ever, has pointed out that s ince  the  d islocation  is  considered  
flexible , account m ust also  be taken of the s t r e s s  dependence of the 
d istance between obstacles in  the glide plane, T his a r is e s  because  
the la rg e r  the s t r e s s ,  the m ore a d islocation  will bow out betw een 
obstac les , and hence the g re a te r  is  the chance of i ts  m eeting  a n ­
other obstacle . T h is aspec t of the  prob lem  w ill be considered  in  d e ­
ta i l  in  Section 2. 3 .1 .
When the d istance  betw een obstac les becom es la rg e , the  flow 
s t r e s s  may be governed by the s t r e s s  n e c e ssa ry  to fo rce  d is lo c a -
tions betw een them . The tem p era tu re  dependence fo r th is  p ro ce ss
94)has been considered  by Orowan 1. His conclusion is  tha t no te m ­
p e ra tu re  dependence w ill a r is e  fo r p a rtic le s  of d iam ete r g re a te r  
than a few atom  d istances , except through the v a ria tio n  of the  
e la stic  moduli with tem p era tu re .
C om paratively  recen tly , a s im ila r  approach has been m ade by 
A nsell and L enel who have suggested  that in  a d isp e rs io n -h a rd ­
ened alloy, if the s tru c tu re  is  com pletely  stab le , the  y ie ld  s t r e s s  d e ­
pendence on tem p era tu re  a r is e s  due to  the change in  sh e a r  m oduli 
in the a lley , a sso c ia ted  with te m p e ra tu re . They suggest th a t if the  
tem p era tu re  dependence of the  modulus of an alloy is  known, o r if 
a reasonab le  approxim ation of th is  dependence can be m ade, the  
v a ria tio n  of the y ield  stren g th  with tem p era tu re  should be p re d ic t­
able, accord ing  to  the equation
°T " 2 5  ( G G G T / G 2 5 G 2 5 > 1 / 2  < 2 7 >
w here <r is  the yield  s t r e s s ,  and G and G' the sh e a r  m oduli of 
the m atrix  m etal and the d isp e rsed  phase resp ec tiv e ly ; the  su b ­
sc r ip ts  re fe r  to the values of the p ro p e rtie s  a t te s t  te m p e ra tu re s  
and at 25°C.
The y ield  and flow streng th s of d isp e rs io n -h ard en ed  alloys a re  
d irec tly  dependent upon the d isp e rsed  phase p a rtic le  s iz e , s e p a ra ­
tion  and d istribu tion . Any change in  the d isp e rsed  phase  m orphology
of an alloy with tem p era tu re  o r o therw ise  w ill th e re fo re  change i ts
119)yield  and flow streng th . M eiklejohn and Skoda ' have in vestiga ted  
the  te m p era tu re  dependence of the  y ield  s tren g th  of m erc u ry  d is ­
p e rsed  with iro n  p a rtic le s  and have d escrib ed  the d isp e rs io n  s tre n g th ­
ening as a function of tem p era tu re , in te rp a r tic le  spacing, d, and the 
d iam ete r of the p a rtic le s , 2 r. The ex p ress io n  they have obtained is
(f, T) (0, T) ,- 1 /3
T T = ' T?3 <28>m " 1 0. 82 - f1' 1:5
w here T is  the te s t  tem p era tu re  and T ^  is  the m elting  point of the  
m atrix .
2. 2. 7. The E ffect of G rain Size
It is  w ell known tha t the m echanical p ro p e rtie s  of m eta ls  and
alloys a re  dependent on th e ir  g ra in  s ize , although the d iscussions 
of the  fundam entals of d isp e rsio n  hardening (in the p rev ious s e c ­
tions of th is  review ) did not take th is  fac to r into account. However, 
the  m atrix  g rain  s ize  of a tw o-phase d isp e rsio n  alloy is  dependent 
on the amount and d is trib u tio n  of the second-phase  p a r tic le s . Con­
sequently , when a s e r ie s  of such a lloys, containing d ifferen t 
am ounts of d isp e rso id , is  p rep a red  under standard  p roduction  con­
ditions, the  final s tru c tu re s  w ill have d ifferen t m a trix  g ra in  s iz e s .
It., th e re fo re  follows that observed  v a ria tio n s in  th e ir  m echanical 
p ro p e rtie s  may be caused  by two se p a ra te  e ffects, i. e. the  v a r ia ­
tion  in  p a rtic le  density  and the v aria tion  in  m a trix  g ra in  s ize .
A re la tio n sh ip  showing the dependence of the low er y ie ld  s t r e s s
of iro n  on grain  size  was d iscovered  by H a ll* 2^ ,  P e tc h ^ 2^  and 
1 2 2 )Low . T his is  generally  ex p ressed  as
__ = cr + K d*"1/ 2 (29)LY o y v 1
w here cr is  the low er y ield  s t r e s s ,  cr is  the  la tt ic e - f r ic tio nJ < JL O
s tre s s  on a m obile d islocation , K is  a m easu re  of the con tribu -
y
tion  made by g ra in  size  and d is  the  g rain  d iam ete r. T h is r e la tio n ­
ship (which is  known as the  H all-P e tch  equation) has been shown to 
be valid  fo r a ll B. C. C. m eta ls and fo r m eta ls with F . C. C. and 
H. C .P . la ttic e s  123\
It is  suggested  that K_ is re la te d , in  som e com plex way, to 
the s treng th  of d islocation  locking by impurity.- a tom s. A lte rn a ­
tively , K m ight sim ply re p re se n t the s tren g th  of g ra in  bounda­
r ie s  as b a r r ie r s  to  slip , and im p u ritie s  may influence th is  p a ra m -
124 125)e te r  by seg rega ting  to these  boundaries 9 Dingley and
X 2 61McLean , working on pure  iro n , have shown tha t the w ell-know n 
effect of grain  size  on th e  s t r e s s - s t r a in  cu rve is  le s s  due to g ra in  
boundary b a r r ie r  hardening than to  an effect of g ra in  s ize  on the r a te  
of d islocation  m ultip lication . They have suggested  th a t the g ra in  
boundary hardening is  m ainly in d irec t, a r is in g  from  d iffe ren t d is lo ­
cation  d ensities  in  d ifferen t g ra in  s iz e s .
2, 3. A ssessm en t of Flow  P ro p e r tie s
In the p rev ious section , the influence of d isp e rsed  p a r tic le s  on 
the streng then ing  c h a ra c te r is tic s  of a com posite containing them  has
been considered . The ro le  of these  p a rtic le s  as being effective ob­
s ta c le s  to  d islocation  m ovem ent has a lso  been analysed . However, 
th e re  a re  s t i l l  som e additional fa c to rs , such as generation , d i s t r i ­
bution, s tru c tu re  and m obility  of d islocations, in  a com posite, that 
play an im portan t ro le  in  con tro lling  the yielding, flow and fra c tu re  
c h a ra c te r is tic s  of such a com posite. An effo rt w ill be m ade in  th is  
sec tion  to exam ine how, and to what extent the p resen ce  of the  d is -  
p e rso id s  m odifies som e o r a ll  of the  fac to rs  cited  above, and in 
tu rn  a lte rs  the yielding and flow p ro p e rtie s .
2. 3 .1 . S tre ss -S tra in  C urves and Y ie ld -P o in t Phenom ena
It is  firm ly  estab lished  tha t the  s t r e s s - s t r a in  cu rv es of poly- 
c ry s ta llin e  specim ens of so lid -so lu tion  a lloys, as w ell as of the  a l ­
loys containing coheren t p a rtic le s  o r p rec ip ita te s , a re  v e ry  s im i­
la r  to that of the pure  m etal. The s t r e s s - s t r a in  cvirves of specim ens 
containing non-deform ing non-coheren t p a rtic le s , on the o ther hand, 
a re  quite d ifferen t from  those  of pu re  m eta ls .. The m ain fea tu re s  
that exem plify these  d ifferences a re  the yielding c h a ra c te r is t ic s  and 
work hardening ra te  (p articu la rly  at sm a ll s tra in s )  of the  alloys 
containing non-coheren t p a r tic le s .
The m agnitude of the yield drop and of the L tider s t r a in  has
been shown to d ec rea se  as the alum ina content in c re a s e s  in  c a r -  
127)bu rized  iro n  ' when te s te d  in  tension . Y/hen the  am ount of the 
d isp e rsed  p a rtic le s  is  in c re a sed  beyond a c e rta in  lim it, the  y ie ld  
drop becom es neglig ible and the y ield  point is  not d istingu ishab le  
anym ore; instead , the s t r e s s - s t r a in  cu rv es show a continuous and 
gradual d e c rea se  in  slope from  the e la s tic  slope.
R ecently, it  has been shown by E beling and Ashby and a l ­
so by H um phreys and M a r t i n t h a t  as  the volum e frac tio n  of 
s i l ic a  in  a single c ry s ta l  of copper is  in c re a sed , keeping m ean  p a r ­
tic le  d iam ete r constant, the c r i t ic a l  sh e a r  s tr e s s  in c re a s e s , the 
in itia l po rtion  of s t r e s s - s t r a in  cu rve  acq u ires  a c u rv a tu re  and b e ­
com es s te ep e r, and finally , at h igher volum e frac tio n , becom es 
parabo lic  in  shape, and lo ses a ll resem b lan ce  to th a t of a p u re  
copper c ry s ta l. They have a lso  analysed the effect of the p a r tic le  
s ize , volum e frac tio n  and in te rp a r tic le  spacing  on d ifferen t " p o r ­
tio n s” of such s t r e s s - s t r a in  cu rv es.
Although the dependence of the  yield  drop and discontinuous
129)y ield ing  on in te rs t i t ia l  im p u ritie s  1 can be sa tis fa c to rily  ex ­
plained and the C o ttre ll concept of d islocations anchored by s e g re ­
gates o r p rec ip ita te s  is  well e stab lished , the theo ry  tha t u n ­
locking - the te a rin g  of d islocations from  th e ir  pinning points - 
dom inates such y ie ld  effects a s  (i) the abrU.pt y ield  drop, and (ii) the 
L iiders s tra in  is  not en tire ly  sa tis fac to ry .
131)C ontrary  to the  unpinning m echanism  proposed by C o ttre ll , 
132)Johnston and Gilman ',  w orking on L iF , found that the  applied 
s t r e s s  never broke d islocations away from  th e ir  pinning im purity  
a tom s, the p re -e x is tin g  d islocations in  L iF never moved during  
deform ation, and that newly c rea ted , unpinned d islocations p r o ­
duced the subsequent p las tic  deform ation.
The G ilm an-Johnston explanation fo r the upper and low er y ield  
points was developed fu rth e r by H a h n * ^ .  He has p roposed  a m odel 
fo r y ielding based  on d islocation  m ultip lication  and velocity  c h a r ­
a c te r is t ic s  (specific to iro n  and re la te d  b. c .c .  m etals) which is  d e ­
riv ed  on the  p rem ise  that d islocations anchored by seg reg a tes  o r 
p rec ip ita te s  rem a in  locked. A ccording to h is m odel the ab rup t y ield  
drop is  a consequence of rap id  m ultip lication  and the  s t r e s s  depend­
ence of d islocation  velocity .
124)The re s u lts  of Codd and P e tch  } a lso  suggest tha t the e ffec ­
tiveness of d islocation  so u rces  influences the am ount of y ie ld  drop.
In the case  of Fe-3%  Si, Hahn and R o s e n f i e l d a n d  Keh and 
135)L es lie  } have rep o rte d  s im ila r  re s u lts .  They a re  of the opinion 
that g rain  boundaries ac t as po ten tial so u rces fo r d isloca tion  m u l­
tip lica tion . That g ra in  boundaries ac t as d islocation  so u rces  has 
been rep o rted  by C arring ton  and M c L e a n B r e n t n a l l  and R o sto - 
k e r ^ ^ j  and W orthington and Smith It should a lso  be noted
that inclusions or p a rtic le s  have a lso  been shown to act as d is lo c a ­
tion  so u rces 139-140), B ren tn a ll and R ostoker *^ ^  have found 
inclusions to be the p re fe rre d  nucleation  s ite s  fo r y ielding in  iro n .
Some of the sa lien t fea tu res  of the Hahn’s m odel a re  a s  fo l­
low s: an in c re a se  in the y ield  drop can  be caused  by d e c rea s in g  m* 
(the p a ra m e te r  which accounts fo r the s t r e s s  dependence of the d is ­
location  velocity), p Q (density of unlocked d isloca tions, those  n u ­
c lea ted  heterogeneously  a t inclusions or o ther d iscon tinu ities below 
the nom inal s t r e s s  level asso c ia ted  with sign ifican t d isloca tion  
m obility), and q (m acroscopic s tra in  hardening  coefficient based
on a lin e a r  s tra in -h a rd en in g  law), while s tra in  ra te , f  , and m ul­
tip lica tio n  ra te  have litt le  effect on the y ield  drop. The flow curve 
is  ra is e d  by in c reas in g  € and q and m ultip lication  ra te ;  i t  is  not
strong ly  affected by p .
°  127)In d isp e rsio n -h ard en ed  iro n  a lloys, F e lb e rb a u e r  et a l. '
have shown that the p a ra m e te r  m  in c re a se s  with in c re a s in g  con­
cen tra tio n  of A l9Oq in both d eca rb u rized  and c a rb u rized  condi -
141)tions. It has a lso  been rep o rted  ’ tha t, as AlgOg is  added to the 
ca rb u rized  m a te ria l, the yield  drop has been shown to d e c re a se  
(lower yield  point extension a lso  d e c re a se s  with in c re a s in g  AlgOg).
2. 3. 2. D islocation A ctivation P a ra m e te rs
2. 3. 2 .1 , G eneral T heory
C onsiderable experim en tal data availab le  to date ind ica te  that
142-144)the y ield  and flow s t r e s s  in  iro n  and s te e l obey the re la tio n  :
cr = cr. + Kd"1/ 2 (30)
w here o\ is  the fr ic tio n  s t r e s s  and c o n sis ts  of two p a r ts ;  a  t h e r ­
m al component o\j* , which may depend on com position 
s t r a i n 146) an(  ^ w].ieth e r  the specim en  is  single c ry s ta l  o r po ly- 
c ry s ta llin e  as well as on the tem p e ra tu re  T and the s tra in
ra te  €, and an a th e rm al component or. (st) which depends on the
147 112)s tru c tu re  (i. e. p rec ip ita te s  * ',  C + N in  so lu tion , e t c . ) and
is  p roportional to the sh e a r m odulus . T hus, equation (30) can be 
re w ritte n  as
cr = cr* + a\ (st) + Kd“l / 2  (31)
In the equations (30) and (31) K is  a constant and d is  the av erag e  
grain  d iam ete r.
The a th e rm a l component 'cr. (st) of the fr ic tio n  o\ would be . 
independent of s tra in  ra te  and dependent on tem p era tu re  only 
through the e la stic  constan ts. T his is  due to the fac t that when a 
d islocation  m oves under the influence of a long -range  a d v erse  
s t r e s s  (coming from  d islocations not p ie rc in g  the glide plane),
the activation  energy involved is  outside the range of th e rm a l f lu e -
tuatioru  On the  o ther hand, the obstacles exerting  sh o rt-ra n g e  
fo rce s  caused  by the d islocations p ie rc in g  the glide plane (i. e. 
fo re s t d isloca tions, s t r e s s  field  around p rec ip ita te s  o r p a r tic le s , 
c r  im purity  atom s) can be overcom e at no rm al te m p e ra tu re s  with 
the aid of th e rm a l fluctuations. T h e re fo re , a te m p e ra tu re  and 
s tra in  ra te  dependence of th is  flow s t r e s s  a\ is  expected.
A ssum ing that the deform ation  of m eta ls  may be th e rm a lly  
activated  and that, a single deform ation  m echanism  is  contro lling , 
the s tra in  ra te , f  , is  given by
w here AQ is  a frequency fac to r which includes e ssen tia lly  the fre  
quency of v ib ration , the num ber of p laces w here ac tiva tion  can 
take p lace, and the s tra in  p e r su ccessfu l fluctuation; Q is  the 
enthalpy of activation , which may be a  function of s t r e s s  a n d /o r  
tem p era tu re , and can be obtained from  y ield  and flow s t r e s s  data  
by the following equation
ence betw een the applied sh ea r s t r e s s  t  and the long -range  in ­
te rn a l sh e a r  s t r e s s  t  , the la t te r  being p ropo rtiona l to the sh e a r  
m odulus |i . ( t  is  frequently  te rm ed  the th e rm a l com ponent of the 
s tre s s ) .
The genera l fo rm  of the fo rce -d is tan c e  re la tio n sh ip  fo r  th e r -
144)m ally activated  yielding o r flow due to C onrad ' is  shown m  
F ig . 1(a). F ro m  th is  re la tio n sh ip  Conrad has in troduced  the con ­
cept of a d islocation  "A ctivation V olum e11, v * , the physica l s ig ­
nificance of which may be ex p re ssed  as the a re a  (a v e .), A, sw ept 
out by an activated  d islocation  segm ent in  overcom ing a b a r r ie r  
to i ts  m otion tim es one B u rg e rs  v ec to r. The a re a  th a t a  d is lo c a ­
tion line can sweep out will depend on the length of i ts  " fre e "  s e g ­
m ent that can be activated  and th is , in  tu rn , w ill depend on the
T
(33)
w here t  =  t  -  t  is  the effective s t r e s s ,  i . e .  t  is  the  d iffer
d istance  betw een the obstacles M1M.
That v*  is  a function of A and c losely  dependent on " l"  can 
be i llu s tra te d  as follow s: consider a d islocation  line which is  
pinned at two points by two obstacles (in th is case , by two oxide 
p a rtic le s ) , as shown schem atically  in  F ig . 1(b), sep a ra ted  by a 
d istance nl n and in te rse c tin g  the glide plane. An effective s t r e s s  
t*  produces a bowed d islocation , f i r s t  with equilib rium  configu ra ­
tion. Now, due to th e rm a l energy, coupled with the applied s t r e s s ,  
the a tom s along th is  pinned d islocation  segm ent w ill v ib ra te  and 
th e re fo re  th e re  ex is ts  a fin ite  p robab ility  that a given num ber of 
a tom s w ill be m oving sim ultaneously  in  the sam e d irec tio n  to expand 
the in itia l a rc  A^A2 and to produce a c r i t ic a l  bulge, Then the  r e ­
m ainder of the defect line will sp ill  over the c r i t ic a l  position  and 
p ropagate, and finally  b y -pass the p a r tic le s , leaving a re s id u a l 
loop around each p a rtic le , un less stopped by new p a r tic le s .
If th e re  a re  an insufficien t num ber of obstacles and not so 
c losely  spaced as to stop the bowing d islocation  from  bulging over 
the c r i t ic a l  position, then  the deform ation  w ill p roceed  by the m ove­
m ent of the therm ally  activated  and c ritic a lly  bulged d islocation  
line , thereby  reducing  the to ta l energy of the system .
The p a ra m e te r  nx n in  F ig s . 1(a) and (b) re p re s e n ts  the am ount 
of bow out along the d isp lacem ent co -o rd in a te ; that is ,  d is loca tion  
line d isp lacem ent re la tiv e  to an in itia lly  s tra ig h t position .
It should a lso  be em phasized that fo r a given te m p e ra tu re , and 
the "1M. value, x is  a continuously in c re as in g  function of the  applied 
s t r e s s .
Thus i t  would appear that the  a re a  sw ept out by a disloca/tion 
segm ent and consequently the activation  volum e, v * , should be 
sen sitiv e  to any change in  the nl n value, that is ,  the  p lan a r in te r ­
p a rtic le  spacing; and a lso  to any change in the num ber of p a r tic le s  
(during the p ro cess) since  i t  w ill a l te r  the pinned positions on the 
d islocation  line  and thus the value of " l" .
The method which C onrad u se s  to obtain the value of th is  a c ­
tiva tion  volume is  as follow s: fo r a given value of s t r e s s  t* , a 
d islocation  w ill take the position  x, and the energy Q which m ust 
be supplied by th e rm al fluctuations is  given by the shaded a re a s .
One can th e re fo re  w rite  equation (32) as:
*
w here Q is  the to ta l a re a  under the fo rce -d is tan ce  curve  betw een 
* * * * and X g  and v x t  = bL is  the w ork done by the
s tr e s s  during the th e rm a l activation , b is  the B u rg e rs  v ec to r, and
■ 5 f
L is  the length of the  d islocation  segm ent involved in  the a c tiv a ­
tion, v* = bL* (Xg-x^) is the "ac tiva tion  volum e".
If the to ta l energy to overcom e the obstacle  to flow (i. e. the  
to ta l a re a  under the fo rce -d is tan ce  curve) is  not a function of s t r e s s ,  
one can obtain the value of v* in  the following m anner: from  F ig , 1(a) 
we note that Q can be ex p ressed  as
Fn max
Q = [ z ,(F )  - s , ( F ) ]  dF  (35)
F = T *b l
¥rwhich gives upon d ifferen tia tion  with re sp e c t to t
(x 9 - z 1) b L  = v  (36)* j
dr
F u rth e rm o re , from  equation (32) we o b ta in
, * /  = _ k T  v — 3^ )  (37)o t  q* '  u 1 '  q
and com bining equations (36) and (37) gives 
/  81n£/A \
v  = k T ( - ^ r ^ ) T  ( 3 8 >
w here v is  the activation  volum e. Combining equations (32) and 
(38) gives
< s s >
In equation (38) the  frequency fac to r A rem a in s  constan t and has
0 144)been shown to be independent of s t r e s s  and tem p e ra tu re  Thus
equation (38) becom es
* ± y  -
*v = kT (  2 2 ^-i- )  (40)
\  0 T  /  rp
If the to ta l energy is  a function of s t r e s s ,  then the  quantity
j  ( j.jp JL  ) ^  ( i S no-j; tru e  activation  volum e, but ra th e r  
 ^ '  dT /  J / q Q \sim ply  re p re se n ts  - ( — and is  generally  called  the "effec -
\  9t /  t
tiv e n activation  volum e. • ■
In equation (39), ^ JjjL-V  can be approxim ated  by f  >
6 t  ^  ^ x  /  £
fo r is  sm a ll com pared  to .
2, 3. 2. 2. A pplications
Heslop and P e tc h * * ^  investigated  the  la ttic e  f r ic tio n  in  m ild 
s tee l and suggested tha t i t  co n sis ts  of two com ponents. The effect 
of im p u ritie s , p a rtic u la rly  carbon  and n itrogen , was thought to be 
independent of tem p era tu re , and they concluded that th e - te m p e ra ­
tu re  dependence of iro n  is  due to  the P e ie r ls -N a b a rro  fo rce . B a-
145}sinsk i and C h ris tian  ' studied the effect of s t r e s s  and te m p e ra tu re  
cycling on the flow s t r e s s  of iron , and concluded from  the re s u l ts  
that overcom ing the P e ie r ls -N a b a rro  fo rce  was a th e rm a lly  a c t i ­
vated p ro ce ss .
144}Conrad ' assem bled  the va rious data  availab le  a t th a t tim e  
on the yield s t r e s s  of iro n  and s te e l a t d ifferen t te m p e ra tu re s  and 
concluded that the tem p era tu re  dependence was a ll due to a com ­
bined effect of im p u ritie s  and g ra in  boundaries.
114}Conrad and Schoeck ' found the  tem p e ra tu re  dependence of 
the low er y ield  s t r e s s ,  fr ic tio n  s t r e s s  and flow s t r e s s  to be the  
sam e, and suggested  that a ll re p re se n t the sam e defo rm ation  m ech ­
anism  in  the tem p era tu re  range 300° to 110°K. T his m eans that the 
unlocking of pinned d islocations and the  m ovem ent of unpinned d is ­
locations a re  con tro lled  by the sam e th erm ally  activa ted  p ro c e ss .
144}C onrad ' has shown that the values of the  activa tion  energy , the 
activation  volum e and the frequency fac to r w ere  the sam e fo r 
yielding and flow, suggesting  again that e ith e r the sam e d isloca tion  
m echanism  is  con tro lling  in a ll c a se s , o r tha t d ifferen t m echan ism s 
exhibit about the sam e values of th ese  p a ra m e te rs .
The d islocation  m echanism s which m ight con tro l y ie ld ing  a n d /o r
flow in iro n  at room  tem p era tu re , as put forw ard  by C onrad 
a re
(i) b reak ing  away from  a C o ttre ll a tm osphere ,
(ii) overcom ing the P e ie r ls  s t r e s s ,
(iii) in te rse c tio n s  of d islocations (cutting the fo re s t) ,
(iv) c ro s s -s lip ,
(v) production of vacancies o r in te rs t i t ia ls  a t jogs in  
d islocations with a sc rew  component.
Of th ese , Conrad suggested tha t the P e ie r ls  fo rce  would seem  
to ag ree  b est with o ther observations.
The investigation  of M ordike and H aasen on the flow s t r e s s  
of a - iro n  single c ry s ta ls  ind icates tha t th e ir  re s u lts  can not be ex ­
plained by P e ie r ls -N a b a rro  fo rce  m echanism . They conclude that 
the im p u ritie s  (atom s o r p rec ip ita te s) act a s  obstac les that a re  r e ­
sponsible fo r the re v e rs ib le  p a rt of the flow s t r e s s ,  and tha t the 
tem p era tu re  dependence of iro n  can be explained by im p u ritie s ,
V ery recen tly , Stein has used  the s tr a in - r a te  change ex ­
p erim en ts on single c ry s ta ls  of iro n , at 198° and 298°K, containing 
carbon  in  the range of 0. 005 to 500 pm , to  de te rm ine  the d isloca tion  
velocity  exponent and the activation  volum e. His activa tion  volum e 
re s u lts ,  at 298°K, fo r the  sam e carbon  content and the sam e heat 
trea tm e n t a re  in  d isag reem en t with the re s u l ts  of M ordike and H aasen 
obtained at 298°K, However, .he obtains sm a lle r  activa tion  volum e 
fo r the h igher carbon  m a te ria l at 198°K, which is  in  ag reem en t with 
the re s u lts  of M ordike and H aasen, although the m agnitude of the 
d ifference in  the activation  volum e of the two m a te r ia ls  is  v e ry  sm all. 
F ro m  these , Stein concludes tha t the in te r s t i t ia l  e lem en ts m ay 
be responsib le  fo r the fric tio n  s t r e s s  that is  de te rm in ing  the  s tra in  
ra te  sensitiv ity .
The activation  p a ra m e te r  data  availab le  fo r the d isp e rs io n - 
-streng thened  m a te ria ls  as such is  su rp ris in g ly  lim ited . Although 
iron , both in  single and poly c ry s ta llin e  fo rm , containing vary ing  
am ounts of carbon  and n itrogen, has been a com m on m a te r ia l  fo r 
num erous investigations on the ro le  that th e rm ally  ac tiva ted  d is lo ­
cations play during  its  deform ation, v irtu a lly  no se rio u s  a ttem p t 
has yet been m ade to build up a consisten t understand ing  of the  m od i­
fications that m ay be brought about in  the p ro c e sse s  of i ts  d e fo rm a ­
tion, when d isc re te  p a rtic le s  a re  d isp e rsed  in it. R ecently , F e lb e r -  
bauer et al. have exam ined the ro le  of d isp e rsed  a lum ina in  
a - iro n  (with and without carbon) on s tra in  hardening  and s t r e s s  d e ­
pendence of the d islocation  velocity  by em ploying s t r a in - r a te  change 
ten s ile  te s ts . They have shown that the  d islocation  velocity  expo- 
neiit ( m ) in c re ased  with in c reas in g  alum ina content (decreasing  
IP) fo r both c a rb u rized  and d ecarb u rized  specim ens in  the range of 
2 to 10 [i , but becam e independent of IP  beyond th is  reg ion .
The c la ss ic a l and s tr a in - ra te  change (differential) ten s ile  te s ts
have a lso  been em ployed to study the k inetics of defo rm ation  m ech-
151 152)an ism s of d isp e rsio n -stren g th en ed  SA P-type alloys 9 UJi. Guyot 
153)and Ruedl ' have, m ost recen tly , analysed  the deform ation  m ech ­
an ism s of m etals hardened by a d isp e rsed , incoheren t second phase. 
On the b asis  of the values of the activation  volume and activa tion  
energy obtained, Guyot ^54) conciuc e^s that the " t r e e s ” ( i .e . 
t r e e s  of the d islocation  fo res t) density  in c re a se s  w ith in c re as in g  
amount of alum ina, and that the d islocations m ultiply m ore  rap id ly  
with the s tra in  in SAP than in  alum inium . His re s u lts  a lso  ind icate  
tha t the activation  volume d e c rea se s  with in c reas in g  am ount of 
alum ina (in SAP).
155)Falzon i et al. have determ ined , using the sam e technique, 
the activation  volum e fo r a s - ro lle d  and re c ry s ta ll iz e d  4% SAP alloy. 
E b e lin g ^ 0^  and E beling and Ashby have a lso  de te rm ined
the activation  volume, using  s t r a in - r a te  change ten s ile  te s ts ,  fo r
\
copper single c ry s ta ls  containing s ilic a  p a r tic le s . They have con­
cluded that the p a rtic le s  caused  the activa tion  volum e to d e c re a se  
ra th e r  m ore rap id ly  with in c re as in g  s t r e s s  than pu re  copper.
2. 3. 2. 3. S tra in -R ate  Sensitiv ity  and D islocation  V elocity  
Exponent
On the b asis  of dynam ical th eo rie s  of y ielding and f l o w ^ ^  
the s t r a in - r a te  sensitiv ity  can be re la te d  to the  d isloca tion  velocity  
exponent using  the s t r a in - r a te  cycling t e c h n i q u e ancj Sh0uld be a 
m easu re  of the sen sitiv ity  of d islocation  velocity  to s t r e s s .  The dy­
nam ical th eo ries  of yielding a re  p r im a rily  based  on the concept of an 
in tr in s ic  re la tio n  between d islocation  velocity  and s t r e s s ,  and can  be 
ex p ressed  in  the  form  of two equations:
w here y = sh e a r s tra in  ra te , p = density  of m obile d isloca tions, 
v = average  d islocation  velocity , b = B u rg e rs  v ec to r, = effective 
sh e a r  s t r e s s ,  t  = sh e a r s t r e s s  n e c e ssa ry  to  achieve a velocity  of 
v r = 1 c m /se c , and m is  c h a ra c te r is tic  of the m a te r ia l and depend­
ent on tem p era tu re .
F ro m  equations (41 and 42) it follows that
* m*Y^ P mb(T )m (43)
If it is  now assum ed that the density  of m obile d islocations does 
not change during a given change in s tra in  ra te  and tha t th e re  is  a lso  
no change in the d islocation  s tru c tu re  during  the te s t, then accord ing  
to  M ichalak
m =Alny /AlnT (44)
at a constant tem p era tu re . F ro m  equation (44), M ichalak obtains:
ln(T*2/x*)  = l n ( A t .r * TA  \  = /* )
' T /  m
(45)
*w here is  the effective shear s t r e s s  at s t r a in  ra te  , and Tg a t 
s tra in  ra te  v 2> A  *s c^ anSe in applied s t r e s s  re su ltin g
f rom the  change in the s tra in  ra te , is  then obtained by solving 
equation (45) as:
* ATa
t i  = ------ r A   (46)1 Uyy1)1/m - i ]
T his derivation  in h e rits  the assum ptions used  in  the ca lcu la tion  of
* -K-m and in addition assum es tha t A t ^  = A t  , i. e . , the  in te rn a l 
s t r e s s  rem a in s  the sam e during a s tra in  ra te  cycle and tha t m 
is  independent of s tra in  (or s tre s s ) .
Although the value of m is  b est obtained from  d ire c t d is lo c a ­
tion  velocity  m easu rem en t by the e tch -p itting  technique, Johnston
1 5 9 ) *and Stein ' have shown that the  value of m m ay a lso  be ob­
tained  from  m acroscop ic  s t r a in - r a te  cycling te s ts :  th e ir  re s u lts  
on s ilic o n -iro n  and lith ium  fluoride obtained by both the  techniques 
a re  in  good agreem ent. They have shown that
m = ( A In y / A In .t ) (47)
w iiere t^  is  the applied sh e a r  s t r e s s ,  in c re a se s  with s tra in  and 
tha t m* may be got by ex trapo la ting  to ze ro  strain^ That is
m* = [ A In y / A In t  ] = [ A l n y / A l n x  ] = m.v=n (48)
Y=0 *
Guard has p resen ted  data on s ilic o n -iro n  single c ry s ta ls to
■jfshow that m as determ ined  by s t r a in - r a te  sen sitiv ity  experim en ts
1 1 5 )was quite d ifferen t from  the value of m that Stein and Low ’ ob-
tained  from  d islocation  velocity  m easu rem en ts (i. e. m = 62-70 v s .
1 5 9 )m =40).  Johnston and Stein ' m aintain  that if the s t r a in - r a te  
sensitiv ity  is  m easu red  unsuffic ien tly  sm a ll s tra in , the re su ltin g  
value of m should be the sam e. T h is is  reasonab le  if the  s tra in  
is  so sm a ll that only one d islocation  is  moving in which c a se  m* 
and m a re  iden tica l. T heir s t r a in - r a te  sen sitiv ity  r e s u lts  on poly-
'X*c ry s ta llin e  s ilic o n -iro n  ex trapo la te  to a value of m which is  c lo se  
to m. They conclude that it is  possib le  to de te rm ine  the  s t r e s s  d e ­
pendence of d islocation  velocity; as c h a rac te rize d  by the  p a ra m e te r  
m , by m easu ring  m at va rious s tra in s  in  a single c ry s r a l  and ex ­
trapo la ting  it to zero  s tra in .
The im portance  of the d islocation  velocity  exponent m * , in  d e ­
term in ing  the m echanical p ro p e rtie s  of c ry s ta ls  has been shown by 
J o h n s t o n j j a h n * ^ ,  Hahn et al. and by T etelm an  
H a h n * ^ ,  like J o h n s t o n h a s  re la te d  the d islocation  velocity  
exponent to y ield  points and L tiders band propagation  in  iro n  
c ry s ta ls . Hahn et al. and T e t e l m a n h a v e  d iscu ssed  i ts  im ­
portance  in c rack  propagation.
Stein and M ichalak have determ ined  the s t r a in - ra te  
sensitiv ity  of iro n  single c ry s ta ls , and iro n  single c ry s ta ls  and 
poly c ry s ta llin e  iro n , resp ec tiv e ly . Both have found m in c re as in g  
with s tra in . This is  a lso  in ag reem ent with the re s u lts  of Johnston 
and Stein
C hristian  has pointed out tha t the in c reas in g  value of m 
with s tra in  may be due to the w ork hardening taking p lace during 
the te s t. Stein cam e to the sam e conclusion. M ichalak 
based  on observations that Ain y/A t^  has a very  sm a ll s tra in  d e ­
pendence both in  single c ry s ta ls  and po lycry sta lline  iro n , suggests 
that the in c re a se  of m with s tra in  m ust be the re s u lts  of an in ­
c re a se  in the in te rn a l s t r e s s ,  t with s tra in . R ecently  it  has a lso
* 1 * 164)been suggested that m is  re la te d  to the activa tion  volum e v by
*  -X- ¥ r  ,  .  .  .rn = t  v /k T  (49)
F e lb e rb a u e r et al. working on poly c ry s ta llin e  iro n /a lu m in a
alloys, have a lso  shown that m in c re a se s  with s tra in  and m (i. e. 
m at zero  s tra in ) in c re a se s  with d ecreasin g  in te rp a r tic le  spacing , 
in  the tem p era tu re  range of 195 to 303°K.
3..» EXPERIMENTAL PROCEDURE
3 .1 . M a teria ls
3 .1 .1 . M etal Pow ders 
Iron  Pow der
M. C. H.. P . g rade  of carbonyl iro n  powder, supplied by NCO- 
MOND L td ., was used  throughout the investigation . This g rade  
was chosen because  of i ts  low im purity  (especially  carbon) 
content. Its  ch em icak an a ly sis  and physical p ro p e rtie s  a re  lis te d  
below (m an u fac tu re r 's  inform ation).
G rade C C>2 N« A verage
wt. % wt. % wt. % p a rtic le
s iz e  (p)
MCHP < 0 .02  < 0 .2  <0.02 7 .0
S ta in less Steel
The s ta in le ss  s tee l, in  the form  of p re -a llo y ed  powder (type 
304L), supplied by B. S. A. M etal Pow ders L td ., B irm ingham , 
had the following com position (m anufac tu rers ' in form ation) :
wt. %Cr wt. %Ni wt. %C wt. %Si wt. %Fe
18.8 10.5 0. 02 0 .68  balance
This, m a te r ia l was chosen because, from  those co m m erc ia lly  
availab le, it appeared  to have the low est content of e lem ents o ther 
than iron , chrom ium  and nickel.
3 .1 .2 . D isperso id  Pow ders
The p ro p e rtie s  that w ere considered  befo re  m aking a 
se lec tion  of d ifferen t .d isperso id  w ere (a) that i t  should have high 
tem p era tu re  stab ility , (b) that i t  should be availab le  in fine fo rm , 
and (c) that its  so lubility  in the m a tr ix  should e ith e r be n il o r  
exceedingly lim ited . On th is b a s is , the following th ree  
d isp erso id s types w ere chosen ;
Bulk 
density  
g m ./c .  c.
3. 2
(i) A lum ina nm ic ro id M gam m a polishing and D egussa PIIOCI.
(ii) D egussa T itanium 'oxide, .P. 25.
(iii) D egussa zirconium  oxide, RV. 295.
A nalyses and physical p ro p e rtie s  a re  lis ted  in  Table (1). 
Therm odynam ic p ro p e rtie s  a re  lis te d  in Table (2).
3 .2 . P roduction  of Alloys
3 .2 .1 .  Pow der Techniques
3. 2 .1 .1 . Mixing of Pow ders
To produce a num ber of d ifferen t alloys containing 
d ifferen t am ount and kind of d isp e rs io n s , the pow ders w ere  m ixed 
in  various p roportions by b a ll-m illin g  fo r 24 hours, using  a 
horizon tally  m ounted po rce la in  con ta iner and s te e l (EN31) ba lls , 
(speed of ro ta tion  being 60 r .  p. m . ).
C arbonyl iron -ox ide  m ix tu res  w ere p rep a red  dry , w hereas 
those involving s ta in le ss  s te e l w ere m illed  in acetone containing 
2 wt. % s te a r ic  acid . The object of using s te a r ic  acid  was two-, 
fold; f ir s t ,  to fac ilita te  the d istribu tion  of d isperso id  p a rtic le s , 
and, second, to im prove the g reen  density  during com paction.
In the la t te r  case , the powder m ix tu res  w ere d ried  by 
heating in an oven fo r 2 hours a t 150°C. The s te a r ic  acid  was 
then rem oved by heating a t 400°C fo r a fu rth e r  2 hours in d ry  
hydrogen atm osphere .
In o rd e r  to a tta in  rep roducib le  conditions (p artic le  shape and 
size,, am ount of deform ation, im purity  content and su rfa ce  oxide, 
e t c . ), sam ples of the m eta l pow ders w ere b a ll-m illed  under 
iden tica l conditions to those used  fo r the d isp e rsed  pow ders as 
the f i r s t  stage in the p rep a ra tio n  of und ispersed  (m atrix  only) 
specim ens.
3. 2 .1 .2 . Com pacting
The powder m ix tu res w ere com pacted by d ire c t co m p ressio n  
in a tool s te e l cy lin d rica l die, using a 10 ton m anually  opera ted  
Apex H ydraulic P re s s .  The p re s su re , which was applied 
sim ultaneously  to the p lungers at e ith e r end of the die, was
m easu red  by m eans of a ca lib ra ted  Bourdon gauge.
A so lution of s te a r ic  acid  in  acetone was used  as the lub rican t 
fo r the die. The solution was brushed  on to the p lungers as well 
as onto the die wall and was d ried  before  putting the pow der into 
the die. It was considered  tha t th is type of lub rica tion  would give 
le s s  v a ria tion  in subsequent s in te rin g  behaviour (due to re s id u a l 
im purity  contam ination) than would the use  of an in te rn a l 
lubrican t.
The no rm al specim en s izes  fo r s in te rin g  pu rposes w ere  1 / 2 11 
dia. x 3/4 - 1 /4" long (in the case  of the carbonyl iro n -o x id e  
sy stem s) and 1 /2" dia. x 1/4 - 1 /2" long (in the case  of the 
s ta in le ss  steel-*oxide sy stem s). The specim ens fo r ex trusion  
purposes w ere com pacted in a 1" (nominal) dia. die and in a ll the 
cases , the no rm al specim en s iz e  was 1" dia. x 2 .1 /4 "  - 2. 3 /4" 
long.
To estab lish  the effect of com pacting p re s s u re  on "g reen" 
density  and its  subsequent effect on "fired "  density  and on the 
densification  p a ra m e te r  during sin te ring , b a ll-m illed  carbonyl 
iro n  powder was com pacted a t various p re s su re s  in the range  of 
19 to 38 t. s . i.
In the case  of a ll d isp e rsed  carbonyl iro n  com posites, the 
specim ens w ere com pacted a t 29 t. s. i. p re s su re . D isp e rsed  and 
und ispersed  s ta in le ss  s te e l pow ders, how ever, w ere com pacted 
a t 34. t. s . i. Since th e re  is  an effect of g reen  po rosity  on fired  
density  and in tu rn  on densification  p a ra m e te r , the leve l of 
g reen  po rosity  was kept a lm ost constant (within + 2. 0%) 
throughout the work.
3. 2 .1 .3 . S intering
Sintering at tem p era tu re s  up to 1400°C was c a r r ie d  out in  a 
horizon tally  m ounted tube furnace, having a m ullite  tube.
S intering a t tem p era tu re s  above 1400°C was c a r r ie d  out in a 
Johnson M atthey-type platinum  re s is ta n c e  furnace, having a 
re c ry s ta lliz e d  alum ina tube. In a ll  c ase s , the specim ens w ere  
contained in .rec ry s ta llize d  alum ina boats . The specim en  
tem p era tu re , which was checked p e riod ica lly  by m eans of a 
P t/P t-13% R h thermocouple* was con tro lled  to an accu racy  of 
+ 5°C.
A positively  reducing "d ry" hydrogen a tm osphere  was used  in 
a ll  s in te rin g  opera tions. A dynam ic flow ra te  of about 300 
c. c. /m in u te  was m aintained a lm o st constan t throughout the 
investigation . This a tm osphere  was produced, by passing  bottled 
hydrogen through a "Deoxo" cata ly tic  re a c to r , then over s ilic a  gel 
and finally  over phosphoric pentoxide powder.
The com pacts w ere tra n s fe r re d  into the fu rnace  a t room  
tem p era tu re  and heated, a t a s tan d ard ised  ra te  of 250°C /hour, to 
the se lec ted  sin te rin g  tem p era tu re , which was held constant fo r 
2 hours. The s in te rin g  cycle was then com pleted by fu rnace  
cooling to room  tem p era tu re . At le a s t  th ree  specim ens of each 
com position (in th re e  d ifferen t batches) w ere s in te red  a t va rious 
tem p era tu re s .
3. 2 .2 . M echanical W orking
3. 2. 2 .1 . Forging
Sin tered  com pacts w ere genera lly  heated  (in a ir )  a t 950°C fo r 
5 m inutes and w ere then deform ed under a ham m er, A lim ited  
num ber of com pacts (1. 0" dia. ), how ever, w ere heated in a i r  a t 
1200°C for 5 m inutes and then forged. It w ill be ap p ro p ria te , a t 
th is stage, to m ention that the reaso n s  fo r th is hot working w ere 
twotold: f irs tly , to rem ove (as fa r  as possib le) the re s id u a l 
porosity , and secondly, to obtain a uniform  d istribu tion  of the  
d isp e rso id  p a rtic le s  within the m atrix .
3. 2. 2. 2. Rolling
In o rd e r  to in troduce a high deg ree  of s tra in  into the sy stem , 
forged com pacts w ere cold ro lled  (afte r annealing fo r 1 hour a t 
1050°C). G enerally , a th ickness reduction  of about 95% was given 
(without any in te rm ittan t anneal). Those specim ens that w ere  forged 
a t 1200°C w ere given about 65% th ickness reduction  (a fte r annealing 
a t 1050°C fo r 1 hour) without and with in te rm itten t anneal a t 650°C 
fo r 1 hour. B efore cold ro lling  the su rfaces  of the forged com pacts 
w ere ground, in o rd e r  to rem ove the thin oxide lay e r form ed 
during forging, and then thoroughly cleaned.
3. 2. 2. 3. E x trusion
E x trusion  was used  as an a lte rn a tiv e  to forging, in o rd e r  to 
investigate  the effect of d ifferen t types of hot working p ro ce ss  on 
d isp e rso id  d istribu tion . F o r a ll  ex trusion  purposes, com pacts of 
1. 1/ 8" d iam ete r (nominal) x 2 1/ 2" long w ere p rep a red  and 
s in te re d  a t 1350°C fo r 2 hours. To p reven t oxidation, th ese  slugs 
w ere canned in 1 /32" thick m ild  s te e l cans. The cans w ere sea led  
in  argon a tm osphere .
In a p re lim in a ry  investigation , these  cans w ere heated  in  a 
fu rnace a t 800 + 5°C fo r 30 m inutes and extruded to 1 /4 "  ba r, 
using ex trusion  p re s s u re  in the range of 85-90 t. s. i . , and an 
ex trusion  ram  speed of 2" .per sec . The re su lts  did not show 
sa tis fac to ry  su rface  fin ish , th e re  being a num ber of seam s and 
longitudinal c rack s , p resum ably  due to la rg e  s in te re d  po rosity . In 
o rd e r  to avoid these  effects, ex trusion  a t 1000°C was tr ie d , and the 
product was quite satisfac.tory .
F o r m ost of the work, the specim ens w ere extruded (a fte r 
heating at 1000 + 5°C fo r 30 m inutes) a t an ex trusion  ra tio  of 
29:1. The ram  speed in a ll c a se s  was 0. 9 3 " /sec .
3. 2. 2. 4. Annealing
Selected specim ens, obtained from  the a s  ro lled  sheet, w ere  
annealed , both iso th erm ally  and isochronally , a t te m p e ra tu re s  in  
the r a ^ e  300°C to 800°C in the s ilic o n -ca rb id e  heated fu rnace  
using a d ry  hydrogen a tm osphere  (as fo r sin tering ). A lim ited  
num ber of ten s ile  te s t-p ie c e s , both from  extruded and from  cold- 
ro lled  sheet, w ere annealed a t 600°C fo r 2 hours, befo re  they w ere  
sub jected  to the s t r a in - r a te  change experim ents pe rfo rm ed  a t room  
tem p era tu re .
Also, som e of the extruded specim ens w ere annealed iso c h ro ­
nally  a t tem p era tu re s  in the range of 300°C to 800°C fo r a constan t 
tim e of two hours.
3 .3 . A ssessm en t of p ro p ertie s
3 .3 .1 . D ensification
The dim ensions and the weights of each com pact, both in  the
"g reen"  and s in te red  condition,, w ere  m easu red  and from  these  data 
densities  w ere calculated . The densities  w ere estim ated  to be 
c o rre c t  within 0. 2%.
F ro m  the densities values thus obtained a s in te rin g  p a ra m e te r  
"densification  fac to r" , AD, which e x p re sse s  the ra tio  of the 
densification  during s in te rin g  (for a given tim e and tem p era tu re ) to 
tha t which is  th eo re tica lly  possib le , was obtained from  the re la tion :
D - D
AD = — ---- - 2 — (50)
D - Dm o
w here Dg is the s in te re d  density , Dq is  the g reen  density  and Dm  is  
the bulk density .
3 .3 .2 . H ardness
On as s in te re d  specim ens, the h a rd n ess  values (VHN) of a t 
le a s t  two s in te re d  com pacts of each com position and s in te re d  at 
each tem p era tu re , w ere determ ined  a t room  tem p era tu re . At le a s t  
ten  ha rd n ess  values w ere obtained for each of two se p a ra te  
specim ens.
On a ll  the as ro lled  and annealed specim ens, the h a rd n ess  
values w ere obtained fo r a t le a s t th ree  se p a ra te  specim ens of each 
com position o r /a n d  annealed a t each tem p era tu re . As before , a t 
le a s t  ten  values w ere determ ined  fo r each of th ree  se p a ra te  
specim ens.
3 .3 .3 . T ensile  P ro p e r tie s
3. 3. 3 .1 . N orm al T ensile  T es ts
A num ber of ten s ile  specim ens w ere obtained, both from  the 
co ld -ro lled  sheet and the extruded b a rs . The specim en  sp ec ifica ­
tions a re  given in F ig . ( 2 ). F rom , co ld -ro lled  sheet, the sp e c i­
m ens w ere stam ped out and tested , only a t room  tem p era tu re , in 
an E -type  Hounsfield T ensom eter a t a s t r a in  ra te  of 
2. 22x l 0~3 s e c . ”1.
T ensile  te s t  specim ens w ere m achined from  the extruded b a r  
and tes ted  (in the sam e m achine and a t the sam e s tra in  ra te  as 
described  above) a t room  tem p era tu re  and a lso  a t 400, 500 and 
600°C. The elevated tem p era tu re  te s ts  w ere  c a r r ie d  out in a
ca lib ra ted  and sa tu rab le  re a c to r-c o n tro lle d  furnace.. The te m p e ra ­
tu re  could be con tro lled  within an accu racy  qf + 2°C, and was 
m easu red  by a P t. /P t .  -13%Rh therm ocouple, the hot junction of 
which was positioned ad jacen t to the te s t  p iece.
3; 3. 3. 2. Rate Change E xperim en ts
S tra in -ra te  change experim en ts w ere  conducted with an ME n
type H ounsfield ten so m ete r. The specim en was stra ined , rep ea ted ly
-3 -1a t a basic  re fe ren c e  s tra in  ra te  e ^  2. 22 x 10 se c . , s t r e s s -s —
relax ed  and then s tra in e d  a t a second and low er s tra in  ra te  
-5 -19.46 xlO sec . . A fac to r 2Z> 5 was em ployed
throughout the investigation .
The s t r e s s  a t a given s tra in  fo r each s tra in  r a te  was d e te r ­
m ined by a lin e a r  ex trapola tion  of the constant s tra in  ra te  se g ­
m ents of the cu rves to the sam e s tra in . The d ifference  <r(e ) -s
tr(eT)gave the change in  flow s t r e s s  (Ao- ) due to change in  s tra in  .L/ n
ra te s  from  e ^  to e g. The tru e  s t r e s s  change (Acr^) was d e te r ­
m ined by assum ing  constant volum e and tru e  ten s ile  s tra in  ( € )
1was de term ined  by €. = In (r  ). (W here 1 = in itia l gauge lengtht i.0 °
and 1 the gauge length a t the s tra in  of in te re s t) . The change in 
flow s t r e s s  was alw ays m easu red  fo r an in crem en t in  s tr a in  ra te  
to avoid possib le  annealing effects. G enerally , the specim ens w ere  
not deform ed to necking, since  the changes in flow s t r e s s  obtained 
when a specim en deform s nonuniform ly m ay not be re p re se n ta tiv e  
of the tru e  s t r e s s  situation .
In the situa tion  as described  above, the s lip  plane with th e . 
la rg e s t  reso lv ed  sh e a r  s t r e s s  is  opera tive , and fo r th is rea so n , in  
the final calcu lation  of the sh e a r  s t r e s s  t from  the ten s ile  s t r e s s  
cTj. a schm id fac to r t/  < r^  0.. 50 was used, which re p re se n ts  the 
average  value fo r the (110), (112) and (113) (111) sy s tem s o b se rv ­
ed by A llen e t a l . ^ ^ .
3 .4 . S tru c tu ra l A nalysis
3. 4 .1 . Specim en P re p a ra tio n
M etallographic exam inations of the alloys w ere c a r r ie d  out to 
check the d istribu tion , s ize  and shape of the p a r tic le s , p o res  and 
g ra in s  a t various s tages during p ro cess in g . An extensive u se 'o f
the  technique was m ade in estab lish ing  the final g ra in  s iz e  in  the 
co ld -ro lled -an n ea led  and extruded m a te r ia ls .
The su rface  to be exapained was rough-polished  on silicon  
carb ide  papers to 600 g rit, using a continuous s tre a m  of w ater a s  a 
lub rican t. This was followed by polishing on 6-fcu diam ond and 
finally  on 1 /4 -fi diamond, on a ro ta ting  polishing wheel. White 
s p ir i t  was used  as a lub rican t. G enerally , the specim ens w ere 
etched in n ita l.
The. s ta in le s s  s te e l based  sam ples w ere  etched e le c tro -  
ly tically , using an oxalic acid  solution (10 gm . oxalic acid  + 1 0 0  
c. c. HgO) as the e lec tro ly te ,
3. 4. 2. M easurem ent of M atrix  G rain  Size
The m a trix  g ra in  s ize , D , was calcu lated  from , the m e a su re -
§
m ent of the length and width of a t le a s t  twenty g ra in s , in  su itab ly  
m agnified m icro g rap h s , of the longitudinal section  of ro lled  sheet 
and of the tra n s v e rse  and longitudinal sec tions of extruded b a r 
sam p les, using  the re la tio n
w here S is  the m axim um  average  g ra in  a re a  in the plane
IH clX
section  and equals L jX l^  (average) w here Lr  is  the r e a l  length and 
Br  (a v e .) is  the re a l  average  width of the g ra in  obtained from  
longitudinal and the tra n s v e rse  sec tion  of the sam e specim en.
3 .4 . 3. D eterm ination  of D ispersion  P a ra m e te r
In o rd e r  to study the. d isp e rsio n  of oxide a tta ined  in the v a rious 
alloys, a t various stages , and eventually  to evaluate the s ize , shape 
and spacing of these  p a r tic le s , an EM6(G) e lec tro n  m ic ro sco p e  was 
used . B asica lly , th e re  a re  two d istinc tly  d ifferen t techniques 
availab le  fo r the production of m icro scope  specim ens containing 
p a rtic le s . T hese a re  (a) thin film,, and (b) ex trac tion  rep lica  
techniques. The fo rm er was tried , f i r s t  of a ll, and i t  was found 
that during polishing a la rg e  num ber of p a rtic le s  fe ll off the thin 
film . This is  thought to be due to two rea so n s . F ir s t ly  because  in  
som e Cases, the p a rtic le s  a re  la rg e r  than the th ickness of the thin
Sm ax (51)
film  and, secondly, because  of com paratively  fa s te r  chem ical a t-, 
tack  a t the in te rface  of p a rtic le  and the m atrix . A nother difficulty, 
a sso c ia ted  with the use. of th is technique fo r determ in ing  the p a r t i ­
cle  s ize , quantitatively , was to get a thin a re a  of film  which was 
la rg e  enough to be rep re se n ta tiv e  of the p a rtic le  distribution*.
In the light of these  d ifficu lties i t  was decided, th e re fo re , to 
u se  the a lte rn a tiv e , ex trac tion  rep lica  technique throughout the 
p re sen t work.
Mention should be m ade h e re  that befo re  obtaining the e x tra c ­
tion rep lica , a p re lim in a ry  exam ination of the specim ens and 
exam ination of "m acro" effects, w ere c a r r ie d  out under the op tical 
m icroscope.
The. specim ens w ere f i r s t  polished, as d escribed  in Section 
(3 .4 .1 .) ,  and then lightly  etched in n ita l. This was followed by 
carbon deposition in  a vacuum  and the carbon film  thus deposited  
was then lightly  sco red  into sm a ll sq u a res , to fac ilita te  s tripp ing . 
In o rd e r  to enable the film  to e x trac t the p a rtic le s  successfu lly , 
the specim en was dipped fo r about 50 seconchin a 5. 0% b ro m in e - 
-m ethano l solution. S tripping was com pleted by slow ly dipping the 
specim en  into w ater, when the  su rface  tension  of the w ater ra is e d  
the film  from  the specim en su rface .
The average  p a rtic le  d iam ete r, d^, was determ ined  by 
m easu ring  the s ize  of a t le a s t fifty p a rtic le s  on each of at le a s t 
th ree  e lec tron  m icrog raphs, fo r each d isp e rs io n  com position and 
then constructing  h is to g ram s (see  figs. 3 o r 4) of the num ber of 
p a rtic le s  against s ize .
The m ean p lanar c e n tre - to -c e n tre  p a rtic le  sep ara tio n  (I. P . ) 
was then calcu lated  using the fo rm ula  of W ilcox and C lauer
8 r  2 1/2 i IT
(52)
w here f. is  the volume frac tion  of the d isp e rsed  p a rtic le s  as r^ is  
the average  p a rtic le  rad iu s .
4. RESULTS
4 .1 . Pow der Techniques
4 .1 .1 .  Com paction
The effect of com pacting p re s s u re  on "g reen" density  (and 
porosity ) is  shown in  F ig . (5). The g reen  po rosity  values of c a rb o ­
nyl iro n  and its  various alloys at a  com pacting p re s s u re  of 29 t . s . i .  
a re  given in  Table 3(a). Table 3(b) contains the values of p o rosity  
of d isp e rsed  and und ispersed  s ta in le ss  s te e l pow ders com pacted a t 
34 t. s. i.
4 .1 .2 ,  S in tering
4 .1 .2 .1 .  M atrix  M ateria ls
The effect of green density  on the densification  of carbonyl 
iron  is  shown in F ig . 6. The v a ria tio n  of densification  p a ra m e te r  
with sin te ring  tem p era tu re  is  shown in  F ig . 7, fo r carbonyl iro n  
pow ders p re s se d  at th ree  d ifferent com pacting p re s s u re s .
4 .1 . 2. 2. D ispersion  Alloys
F ig s . 8 and 9 show the d e n s ifica tio n /tem p era tu re  c h a ra c te r i ­
s tic s  of a s e r ie s  of carbony l-based  d isp e rs io n  a lloys, w hilst F ig . 10 
shows the v a ria tio n  of room  tem p e ra tu re  h a rd n ess , as a function of 
s in te rin g  te m p e ra tu re s , fo r s im ila r  a lloys. The densification  p a ra m ­
e te rs  fo r iro n -b ase d  alloys fo r v a rious s in te rin g  te m p e ra tu re s  a re  
lis te d  in  Table 4.
The d en sifica tio n /tem p era tu re  c h a ra c te r is tic s  of s ta in le s s  
s te e l-b a se d  alloys (having d isp e rso id  contents s im ila r  to the  above- 
m entioned carbonyl iro n  alloys) a re  shown in  F ig s . 11 and 12, and 
the  densification  p a ra m e te rs  fo r various tem p era tu re s  a re  l is te d  in 
T able 5. Gas analysis re su lts  fo r som e of th ese  a lloys a re  quoted 
in  Table 6.
4. 2, Cold-W ork and Annealing
The room  te m p era tu re  h a rdness  values of a s e r ie s  of iro n -  
-alum ina d isp e rs io n s  a re  shown in F ig s . 13 and 14 as  a function of 
iso th e rm al annealing tim e (for annealing tem p e ra tu re  300°C and
400°C respective ly ) a fte r co ld -ro lling . F ig s . 15 and 16 show the 
iso ch ro n al (2 hours) annealing c h a ra c te r is tic s  of a fu rth e r  s e r ie s  
of iro n -a lu m in a  and iro n -z irc o n ia  alloys resp ec tiv e ly .
In a ll c a se s , the alloys w ere p rep a red  by s in te rin g  at 1350°C, 
forg ing  a t 1200°C and ro lling  at room  tem p era tu re  to a th ickness 
reduction  of 95%. The d isp e rsio n  c h a ra c te r is tic s  a re  given in  
T ables 12 and 17.
F ig . 17 shows the isoch ronal annealing c h a ra c te r is t ic s  of four 
s ta in le ss  s te e l a lloys, which had a s im ila r  p rep a ra tio n  h is to ry  to 
the carbonyl iro n  alloys r e fe r re d  to  above; w hilst F ig . 18 shows 
the v a ria tio n  of room  tem p era tu re  h a rd n ess , a fte r  annealing, fo r 
two hours at 600° and 800°C, as a function of the in itia l s in te rin g  
te m p e ra tu re s .
4. 3. M echanical P ro p e rtie s
4. 3 .1 . C arbonyl Iron -B ased  D ispersions
4 .3 .1 .1 .  "N orm al" T ensile  T es ts
-3 -1T ensile  te s ts ,  at a constant s tra in  ra te  of 2. 22 x 10 sec  , 
w ere c a rr ie d  out on alloys having alum ina, titan ia  o r z irc o n ia  con­
ten ts  in the range of 0 -5 .0  wt. %, and covering  a wide range of p ro ­
duction h is to r ie s . F ig s . 19 to 21 and Table 7 show the v a ria tio n  of 
UTS, elongation, and h a rd n ess , resp ec tiv e ly , a t room  te m p e ra tu re , 
as a function of oxide content fo r alloys which w ere s in te re d  at 
1350°C, and 1200°C, forged at 950°C and 1200°C, and co ld -ro lled , 
at room  te m p era tu re  to a th ickness reduction  of 95% and 65%.
F ig . 22 shows the effect of the  s in te rin g  tem p e ra tu re  on the room  
tem p era tu re  ten s ile  s tren g th  of forged and co ld -ro lled  a lloys con­
tain ing various am ounts of alum ina, tita n ia  o r z ircon ia .
A s e r ie s  of iro n -a lu m in a  and iro n -z irc o n ia  alloys w ere  te s te d  
at te m p era tu re s  in  the range 20-600°C , a fte r  s in te rin g  a t 1350°C 
and ex trusion  at 1000°C. T ypical s t r e s s - s t r a in  cu rves a re  shown in  
F ig s . 23 to 26, w hilst the v a ria tio n  of y ield  s t r e s s  and UTS, and . 
elongation, a re  shown in F ig s . 27(a) and 27(b), as a function of 
d isperso id  content and tes tin g  te m p e ra tu re s . The v a ria tio n  of y ield  
s tr e s s  and UTS and elongation, of the extruded a lloys, and a fte r  
annealing fo r 2 hours at 600°C, at room  tem p era tu re  is  shown in
F ig . 28 as a function of d isp erso id  content. F ig s . 29 and 30 show 
the v a ria tio n  UTS with hom ologous tem p e ra tu re  fo r iro n -a lu m in a  
and iro n -z irc o n ia  alloys, resp ec tiv e ly .. T able 8 contains the ten s ile  
p ro p e rtie s  data of extruded, and extruded and annealed m a te r ia ls  
te s ted  at d ifferen t tem p era tu re s .
4. 3 .1 . 2. "D ifferen tia l” T ensile  T e s ts
A typ ical exam ple of the s t r e s s - s t r a in  curve of the "d iffe ren ­
t ia l” ten s ile  te s t  is  shown in F ig . 31.
The change in tru e  ten s ile  s t r e s s  (Acr^ .) due to change in  s tra in  
ra te  is  p lotted against tru e  ten s ile  s tra in  ( in  F ig s . 32 (a) and
(b) fo r carbonyl iro n  containing various am ounts of alum ina o r 
z ircon ia , and te s ted  at room  te m p e ra tu re , in the as ex truded , and 
extruded and annealed (at 600°C fo r two h r s . ) condition, r e s p e c ­
tively . The correspond ing  data a re  quoted in  T ables 9 and 10 r e ­
spectively .
A lim ited  num ber of specim ens containing 1. 0 and 2. 5 wt. % 
of alum ina or z irco n ia  w ere p rep a red  by s in te rin g  at 1200°C and 
1350°C, forging at 1200°C, and co ld -ro llin g  at room  te m p e ra tu re  
by 65% th ickness reduction . The v a ria tio n  of Ao-^  with f   ^ for 
these , at room  tem p era tu re , is  shown in  F ig . 32(c), and the  c o r ­
responding data a re  lis ted  in  T able 11.
F ro m  the values of Act (at a constant s tra in ) activation  vo l- 
* 1 
um e v is  computed, using  equation (40). T hese a re  quoted in
Table 16. The gas constant k of equation (40) is  ap p ro p ria te ly  
converted  to the co rresponding  -c*>w uiait,The d islocation  v e ­
locity  exponent, m, at d ifferen t s tra in s  w ere  com puted from  equa­
tion  (46) and its  v a ria tio n  with s tra in  is  shown in F ig . 33; e x tr a ­
polated value of m to zero  s tra in  was taken as the m* va lues.
4. 4. S tru c tu ra l Ana ly sis
4. 4 .1 . G eneral D ispersion  D istribu tions and T h e ir  C h a ra c te r ­
is t ic s
A detailed  exam ination of the s ize , shape and d is trib u tio n  of 
the d isp e rso id  p a rtic le s  has been c a r r ie d  out on sam ples r e p r e ­
senting  each of the various stages in  the production h is to ry  of the  
final te s t  p ieces by m aking use  of both optical and e le c tro n -m i-
croscopy  techniques. A sum m ary  of a ll the d isp e rs io n  data  obtained 
by the method outlined in Section 4 .4 . 3 is  given in  T able 12.
A fter S intering
The p a rtic le s  w ere ex trac ted  from  the com pacts containing 
various am ounts of alum ina or z irco n ia  s in te red  at 1000, 1200 
and 1350°C, and these  a re  shown in F ig s . .35, 36 and 37 r e s p e c ­
tively . F ig s . 35 and 36 dem onstra te  quite c le a rly  that th e re  is  a 
ve ry  little  amount of agglom eration  of z ircon ia  p a r tic le s  up to  
1200°C. In com parison , alum ina p a rtic le s  agg lom erate  sligh tly  
m ore at 1000°C and considerab ly  m ore  at 1200°C than z irco n ia  
p a r tic le s . T h ere  is  considerab le  evidence that the oxide p a r tic le s  
seg rega te  together, to fo rm  " c lu s te rs "  in the po res betw een the 
much la rg e r  iro n  p a rtic le s  during  the m anufacture of a powder 
com pact. T h is type of d is tribu tion  then leads to agg lom eration  of 
the oxide during s in te rin g  to an extent which is  dependent on the 
s in te rin g  tem p era tu re . Fig... 36(b) is  a typ ical exam ple of such a 
loose " c lu s te r"  form ed during  s in te rin g  of iro n -z irc o n ia  a lloys 
at 1200°C.
The extent of agglom eration  of alum ina and z irco n ia  p a rtic le s  
at 1350°C (for two hours) is  m uch g re a te r  than that a t 1200°C. A 
com parison  of F ig . 36 with F ig . 37 illu s tra te s  th is  d ifference  quite 
c lea rly .
In a ll  the s in te red  com pacts the d istribu tion  of p a rtic le s  is 
re s tr ic te d  only to the g ra in  boundaries (i, e. p a rtic le  boundaries) 
and th e ir  " tr ip le  points" (see F ig . 37). Since m ore  p a rtic le s  
seg reg a te  at the " tr ip le  points" and a re  in physical contact with 
each o ther, agglom eration  is invariab ly  g re a te r  at th e se  poin ts.
F ro m  F ig s . 37 (e) and (f), it  can a lso  be seen  that the addition 
of 5. 0’wt. % alum ina or z irco n ia  fo rm s a lm ost a continuous la y e r  
of oxide at the iro n  pow ders. T hese  figu res a lso  show that th e re  is  
no g ra in  growth during s in te rin g  even at 1350°C.
At a ll the s in te rin g  tem p era tu re s  used  in the p re se n t in v e s ti­
gation, the agglom eration  of titan ia  p a rtic le s  is  fa r  the la rg e s t  
among the oxides used. The tita n ia  p a rtic le s  s in te re d  even at 800°C 
agglom erate  at le a s t as m uch as z irco n ia  p a rtic le s  do at 1200°C 
(for s im ila r  com position). At 1350°C, the titan ia  p a rtic le s  a g ­
g lom erate  considerab ly  m ore  than e ith e r z ircon ia  o r alum ina. 
T ypical exam ples of these  a re  shown in  F ig . 34. The influence of
m echanical working operations (i. e. forging followed by c o ld - ro ll­
ing) on b reak ing  down or fragm enta tion  of the agg lom erated  p a r t i ­
c les is  unnoticeable in  th is  case , and the p a rtic le s  re ta in  th e ir  
n e a r-sp h e r ic a l shape even a fte r  co ld -ro lling ; th is is  shown in 
F ig . 34(b).
4. 4. 2. P a r tic le  Stability
The lo n g -te rm  p a rtic le  s tab ility  te s ts  (s in tering  at 1000°C 
fo r 300 hours) c le a rly  showed the influence of oxide p a r tic le s  on 
the s in te rin g  and g rain  growth c h a ra c te r is tic s  of carbonyl iro n .
In the case  of pu re  iro n  density  in c re ased  from  74. 6%, in  the cold 
com pacted condition, to 92. 6% at the  end of the te s t, the final g ra in  
size  being approxim ately  500 m icrons, which is  of the  o rd e r  70 
tim es g re a te r  than the o rig inal powder p a rtic le  s ize . However, fo r 
each of the d isp e rsio n  alloys te s ted , the in c re a se  in  density  was 
le s s  than 2. 0%, with a final m atrix  g ra in  size  which was v e ry  s im i­
la r  to that of the o rig inal iro n  powder p a r tic le s . In the case  of 
z ircon ia  containing alloys th e re  was very  little  agg lom eration  of 
the oxide, the final p a rtic le  d iam ete r being of the  o rd e r  of 500 A0 
(Fig. 35(a)); w hereas slight agglom eration  occu rred  in  the alum ina 
containing alloys, the final p a rtic le  d iam ete r being of the o rd e r  of 
1000 A° (Fig. 35(c)).
4. 4. 3. E ffect of P roduction  H istory
(a) F o rg ing
E xam ination of the p a rtic le s  ex trac ted  from  the fo rged  iro n -
-based  d isp e rsio n  alloys shows that the loosely  bonded aggregates
form ed during^sintering stage, b reak  down on subsequent hot fo rg ing
opera tions. The sev e rity  of th is break-down is  dependent m ainly on
the size  of individual aggregatefas w ell a s  on th e ir  soundness and
' f t y Z .f ra c tu re  c h a ra c te r is tic s  in  com pression . A s^sin term g te m p e ra tu re  
is  in c reased , m ore  agglom eration  o ccu rs  and a lso  the ag g lo m era tes  
a re  den ser, s tro n g e r and b igger; thus leading  to in c re ased  ten d en ­
c ies for these  agg lom era tes to f ra c tu re . The typ ical exam ples of 
th is  in  iro n -z irc o n ia  alloys is  shown in  F ig . 38* A com parison  of 
F ig . 38 with F ig . 39 shows the basic  d ifference in the behaviour of 
z ircon ia  and alum ina p a rtic le s  during  forg ing  stage. In the c a se  of 
z irco n ia  containing alloys the p a rtic le s  tend to f ra c tu re  and becom e
rec tan g u la r  an d /o r tr ia n g u la r  in shape, w hereas the  alum ina p a r ­
tic le s  rem a in  a lm ost sp h e rica l a fte r  forging. It should be noted, 
how ever, th is  d ifference in  shape a ris in g  from  forging is  m arg inal 
in  the  case  of both alum ina and z ircon ia  containing a lloys s in te re d  
at 12G0°C and then forged at 1200°C (Fig. 38(c) and F ig . 39(c)).
(b) F o rg ing  and Cold-R olling
Subsequent co ld -ro llin g  leads to a final p a rtic le  m orphology 
which is  a lso  dependent on the s in te re d  s tru c tu re  and on the d is ­
p erso id  fra c tu re  c h a ra c te r is tic s . The z irco n ia  p a r tic le s , which 
show break ing  down and fragm enta tion  c h a ra c te r is tic s  during  
forging stage, fragm ent fu rth e r to f irm  sharp , angular p a rtic le s  
during co ld -ro llin g  stage. The alum ina p a rtic le s , on the o ther 
hand, (i. e. agg lom erates) b reak  down into shapes which a re  m uch 
m ore  rounded in shape. The num ber of alum ina agg lom era tes - 
b reak ing  down during  ro lling , how ever, is  very  sm a ll com pared  
to the z irco n ia  agg lom era tes. T hese  two types of s tru c tu re s  a re  
typified by the m icrog raphs in  F ig s . 40 and 41.
(c) E x tru sion
The d isperso id  p a rtic le s  ex trac ted  from  extruded iro n -a lu m in a  
and iro n -z irc o n ia  alloys show rem ark ab ly  s im ila r  p a r tic le  shape 
and tend to be m id-w ay betw een those o ccu rrin g  in  the. forged  and 
co ld -ro lled  alloys, i, e. during ex trusion  both alum ina, as w ell as 
z ircon ia  p a r tic le s , fragm ent to form  n o n -sp h e rica l p a r tic le s , 
z ircon ia  p a rtic le s  being sh a rp e r  than alum ina. T ypical s tru c tu re s  
of th is  type a re  shown in  F ig . 42.
(d) F ragm en ted  P a r tic le s
The fragm entation  c h a ra c te r is tic s  of the  agg lom erated  oxide 
p a rtic le s  a re  d ifferen t for the iro n -z irc o n ia  alloys than the iro n -  
-alum ina or iro n -tita n ia  alloys. F u rth e rm o re , the n a tu re  of m e ­
chanical working p ro cess  a lso  p lays an im portan t ro le  in  con tro lling  
the sev e rity  and frequency of the p a rtic le  f ra c tu re . The frag m e n ta -
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tion of z ircon ia  p a r tic le s , for^alloy which was s in te re d  a t 1350 C, 
s ta r ts  during the forging opera tion  and continues during  subsequent 
co ld -ro lling ; these  a re  i llu s tra te d  by the m ic ro g rap h s of F ig s . 38(b), 
40 (b) and (c), 43 (c) and (d), and 44(a). F ig s . 43 (a) and (b) show
fragm enta tion  of z ircon ia  p a rtic le s  s in te re d  at 1200°C and then 
forged  and co ld -ro lled , although the frequency of p a rtic le  f ra c tu re  
in  alloys s in te re d  a t 1200°C is ve ry  m uch le s s  than that s in te re d  
at 1350°C. A lso, the sev e rity  of f ra c tu re  is  much le s s  in  the iro n -  
)-z irccn ia  alloys s in te re d  at 1200°C than tha t at 1350°C. F ig . 44(a) 
shows a p a rtly  frac tu re d  z irco n ia  p a rtic le , a p a r t  of which a lso  
seem s to have p a rtly  chipped off. T h is type of fragm en ta tion  ap ­
p e a rs  to be the m ain source  of sh a rp  and tr ia n g u la r  z irc o n ia  p a rtic le s  
in the final product.
The fragm en ta tion  of the alum ina p a rtic le s  which a re  s in te re d  
e ith e r at 1200°C or at 1350°C is  much le s s  during both the forg ing  
and co ld -ro llin g  stage; r a r e  exam ples a re  shown in F ig s . 45 (c) 
and (d). T hese figu res a lso  dem onstra te  the d ifference in  the  m odes 
of f ra c tu re  of alum ina and z irco n ia  p a rtic le s .
D uring ex trusion  both the alum ina and z ircon ia  p a r tic le s  f r a g ­
m ent to fo rm  n o n -sp h e rica l p a rtic le s  (z ircon ia  p a rtic le s  having 
sh a rp e r  c o rn e rs  than alum ina p a rtic le s ) . The typ ical exam ples 
a re  shown in F ig s . 44 (b), 45 (a) and (b). Once again the d ifference  
in the mode of f ra c tu re  of z ircon ia  and alum ina p a rtic le s  is  n o tic e ­
able (com parison of F ig . 44(b) with F ig s . 45 (a) and (b)).
4. 4. 4. S truc tu re  of D eform ed Specim ens
The ten s ile  te s t  p ieces (obtained from  the extruded b a rs )  
te s ted  at d ifferen t tem p era tu re s  w ere exam ined under^optical m i­
croscope* In the case  of the carbonyl iro n  specim ens te s te d  at 
400°C, the s tru c tu re  shows the evidence of the onset of r e c r y s ta l ­
liza tion  (m ainly at the g ra in  boundaries). The specim ens te s te d  at 
500°C contain sm a ll and fully re c ry s ta ll iz e d  g ra ins; th is  is  shown 
in F ig . 47 (b). F ig . (47(a) shows the s tru c tu re  of carbonyl iro n  
specim ens tes ted  at room  tem p era tu re .
None of the specim ens containing e ith e r alum ina o r z irco n ia  
show any evidence of the  onset of r e  c ry s ta lliz a tio n  at 400°C.
However, as the tes tin g  tem p e ra tu re  is  ra is e d  from  400 to  500°C, 
a ll the iro n -b ase d  d isp ersio n  a lloys show the onset of r e c r y s ta l l i ­
zation; these  a re  shown in  F ig s . 47 (d) and (f).
5. DISCUSSION
5.1 . P re s s in g  and S intering
5 .1 .1 . Carbonyl Iron
P r io r  to com paction, the powder is  p re sen t as an agg regate  of 
independent p a rtic le s  containing an ir re g u la r ly  d is trib u ted  in te r - 
p a rtic le  porosity . T his becom es d is to rted , under the application  
of p re s su re , to an extent which depends upon the p la s tic ity  of the  
m eta l powder and the degree of p re s s u re  applied. T hus, the 
shrinkage and elim ination of the p o res  that occur during com pac­
tion due to e la stic  an d /o r p las tic  s tra in  w ill depend la rg e ly  upon 
the com pacting p re s s u re  and defo rm ability  of the m atrix  pow der.
The re s u lts  shown in F ig . 5 dem onstra te  that the to ta l p o ro s i­
ty of the carbonyl iro n  com pacts d e c re a se s  lin ea rly  with in c r e a s ­
ing com pacting p re s su re  in  the range of p re s su re  studied . T his is
11 )in good agreem ent with the work of K ieffer and Hotop ' who, w ork­
ing on various iro n  pow ders, have shown a lin ear in c re a se  in  d e n s i­
ty with in c reas in g  specific p re s su re .
Since the overa ll volume frac tio n  of contact "zones" fo rm ed  
between the p a rtic le s  during com paction is  a function of the applied 
p re s s u re  (for a given m etal powder), the degree  of com paction 
achieved during p re ss in g  stage m ust a lso  influence the deg ree  of 
densification  that is  achieved during sin tering . F ig s . 6 and 7 i l ­
lu s tra te  th is influence on the s in te r in g  c h a ra c te r is tic s  of carbony l 
iro n  com pacts. F ig . 6 shows the s in te red  density  approaching  a 
lim iting  value determ ined  by the g reen  density  as the s in te r in g  te m ­
p e ra tu re  in c re a s e s . The v a ria tio n  of the densification  p a ra m e te r  
with s in te rin g  tem p era tu re , fo r d ifferen t com pacting p re s s u re , is  
shown in  F ig . 7, and from  th is  it  is  apparen t that the deg ree  of 
densification  in c re a se s  with in c re as in g  com pacting p re s s u re  a t a ll 
the tem p era tu re s  under investigation .
T his in c re ase  in  the degree of densification  during  s in te rin g  
can be explained in  te rm s  of the in c re a se d  contact "zones" , d e ­
c re a se d  num ber and size  of p o res , and g re a te r  deg ree  of d e fo rm a ­
tion  (elastic  and p lastic) at the p a rtic le  boundaries as the com ­
pacting p re s su re  is  in c reased . The in c re a sed  volum e of deform ed 
contact "zones" may m ake p rim a ry  re c ry s ta lliz a tio n  e a s ie r  and
fa s te r  and thus reduce  the final g rain  size  of the com pact. T his 
m ay enhance the  degree and probably the ra te  of densification .
T his is  borne out by the m ic ro s tru c tu ra l evidence which shows 
that fo r a given s in te rin g  tem p era tu re , the g rain  s ize  d e c re a se s  
with in c reas in g  com pacting p re s su re .
The in c re a se  in densification  due to h igher com pacting p r e s ­
su re  can a lso  be considered  in  te rm s  of the pore  s ize  (which is  
sm a lle r  fo r g re a te r  com pacting p re s su re )  and th e ir  spacing  (which 
is  la rg e r  fo r g re a te r  com pacting p re s su re ) . The driv ing  fo rce  to 
e lim inate  o r co llapse  a sp h e rica l pore  is  2y / r  (where y is  the 
su rface  energy of the cavity , and r  is  the cavity rad iu s).
In the absence of ex te rn a l s t r e s s  the tim e t req u ire d  to co l-
1 fi r7\lapse  a cavity of rad iu s r  is  given by '
t  =  if f . a 1-3_____  (53)
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w here kT has i ts  usual significance, a is  the cavity  spacing, D
o
is  the grain  boundary atom ic diffusion coefficient, 5z is  the th ic k ­
ness of the g ra in  boundary availab le  fo r diffusion, and Q is  the 
atom ic volum e. Now, assum ing  that the p a rtic le s  th em se lv es have 
no p o re s , in  an as com pacted sam ple  a ll the po res  w ill be at the 
grain  boundaries ( i .e . p a rtic le  boundaries). It follows fro m  equa­
tion (53) that, fo r any given com bination of s in te rin g  tim e and te m ­
p e ra tu re , the ra te  of pore  rem oval (and, hence, of densification) 
w ill in c re a se  as the pore s ize  d e c re a se s .
The d e n sifica tio n /tem p era tu re  c h a ra c te r is tic s  of carbonyl 
iron , p re s se d  at d ifferent p re s s u re  (Fig. 7), ind icate  a sm a ll in ­
c re a se  in  the deg ree  of densification  in  the tem p era tu re  range  
1300 to 1350°C, and a m uch la rg e r  in c re a se  in  the te m p e ra tu re  
range 1350 to 1400°C. Beyond 1400°C th is  in c re a se  fa lls  off again. 
Oxley and C iz e ro n ^ ^  have rep o rte d  recen tly  that th e re  is  a rap id
acce le ra tio n  of densification  when a ce rta in  te m p e ra tu re  zone in
41)the y -range  is  passed . This has a lso  been proved 1 by the  d ila -  
to m etric  reco rd in g  of shrinkage at in c re a s in g  te m p e ra tu re s  up to 
1450°C. The re s u lts  thus obtained show a re la tiv e ly  low ra te  of 
densification  up to about 1300°C and then an actual a cc e le ra tio n  of 
i t  at h igher tem p era tu re s . Oxley and C izeron  a ttrib u te  th is  low 
ra te  to (a) grain  growth and (b) a very  low volume diffusion coef-
-13 2 -1 42)fic ien t (~ 3. 3 x 10 cm sec ) ' i n  th is  te m p era tu re  range .
43)R ecently , P o s te r  and H ausner ' have shown that the g ra in  s ize  of 
gam m a-phase s in te re d  iro n  (carbonyl) d e c rea se s  with in c re a s in g  
s in te rin g  te m p e ra tu re . .
M etallographic exam inations of the  s in te red  com pacts in  the 
p re sen t investigation  show a s im ila r  d e c rea se  in g ra in  s ize  as 
tem p era tu re  in c re a s e s , except in  the case  of the com pacts s in ­
te re d  at and beyond 1400°C when a considerab le  am ount of g ra in  
growth is  observed . In the la t te r  case , quite a few iso la ted  p o res  
a re  a lso  found.. It can be said , th e re fo re , that the s in te rin g  of 
carbonyl iron , in th e y - a s  w ell as the  6-phase , takes p lace m ainly 
by g ra in  boundary diffusion..
The room  tem p era tu re  h a rdness  values obtained on the s in ­
te re d  iro n  com pacts show a rap id  in c re a se  up to  1400°C, followed 
by a sharp  drop at 1450°C beyond which they rem a in  constan t.
This sharp  drop in the hardness values seem  to be a sso c ia ted  with 
the occu rrence  of la rg e  g ra in  growth (probably secondary  r e ­
c ry s ta lliza tio n ). It is  a lso  in te re s tin g  to note that the  h a rd n ess  
values of the com pacts s in te red  at 1400°C and beyond is  v e ry  c lose  
to the ha rdness values obtained on the sam e specim ens when forged, 
ro lled  and annealed at 600°C for 2 hours (i. e. in  fully r e c r y s ta l ­
lized  sta te ).
5 .1 . 2, Carbonyl Iro n -B ased  D ispersions
The sin te rin g  behaviour of carbonyl iro n  with d ifferen t 
am ounts of alum ina, tita n ia  o r z ircon ia , in  the te m p e ra tu re  range  
1300 to 1490°C is  shown in  F ig s . 8 and 9. F ro n i these  r e s u lts  the  
following general p a tte rn  of s in te rin g  behaviour of th ese  com posites 
em erg es:
(i) The p resen ce  of oxide p a rtic le s  in c re a se s  the r e s i s t ­
ance to densification  to an extent which generally  
in c re a se s  with in c re as in g  amount of oxide addition.
(ii) The efficacy of these  p a rtic le s  as obstac les to 
densification  seem  to be re la te d  to th e ir  own 
stab ility  (at the s in te rin g  tem p era tu re ).
In a com pact containing second-phase  d isp e rsed  p a r t ic le s  at 
the  g ra in  boundaries the amount of sh rinkage and thus densifica tion
depends upon the n a tu re  and degree of m odification in  diffusion 
c h a ra c te r is tic s  of the m atrix  m a te ria l, due to the p resen ce  of 
these  p a rtic le s . In general, such m odifications can a r is e  as a 
re s u lt  of any of the following fea tu res  of the system :
(i) The chem ical s tab ility  of the oxides and th e ir  
com patibility  with the m atrix .,
(ii) The s in te rin g  c h a ra c te r is tic s  of the oxide p a r tic le s .
(iii) The possib ility  of an in te rac tio n  betw een the m atrix  
and the p a rtic le  su rfaces  consequent upon a fav o u r­
able m a tr ix /p a r tic le  in te rfa c ia l energy.
(iv) The influence of the na tu re  and num ber of the 
’c o n ta c ts ’ betw een the m atrix  and the p a rtic le s .
The s in te rin g  data fo r iro n  containing titan ia , alum ina and 
z ircon ia  shown in  F ig s . 8 and 9, resp ec tiv e ly , w ill now be con­
sid ered  in de ta il. The re s u lts  show a m arked degree of d e n s ific a ­
tion, fo r both 0. 5 and 1. 0% titan ia  containing a lloys, up to 1350°C.
As the sin te rin g  tem p era tu re  is  ra is e d  to 1400°C, a m easu rab le  
drop in  the degree of densification  is  obtained, both fo r 0. 5 and 
1. 0 wt. % containing a lloys. In the case  of 1. 0% alloy, how ever, 
th is drop continues, a lm ost continuously, up to  1450°C beyond 
which the level of densification  rem a in s  constant up to  1500°C. In 
the case  of 0. 5% alloy, on the o ther hand, although th e re  is  a  s im ­
i la r  drop in the deg ree  of densification  at 1400°C, the densification  
level rem a in s  approxim ately  constant in  the range 1400-1500°C.
As the amount of titan ia  is  in c re a sed  to 2. 0%, the densification  is ,  
fo r a ll  te m p e ra tu re s , reduced  even fu rth e r . F u r th e rm o re , beyond 
1350°C the d e c rea se  in  the  densification  becom es com paratively  
sm a lle r  than  in  the case  of 0. 5 and 1. 0% titan ia  containing a lloys. 
When com pared to the re su lts  fo r carbonyl iro n  (Fig. 7), i t  is  seen  
that densification  is  increasing ly  inhibited  a s  the titan ia  content is  
in c reased .
In the case  of iro n -a lu m in a  a lloys, i t  can be seen  (F igs. 8 and 
9) that the degree  of densification  is  m uch low er, except fo r  Fe-0 .5%  
alum ina alloy, than in  the case  fo r u n d isp e rsed  carbonyl iro n  at 
corresponding  s in te rin g  te m p e ra tu re s . As the amount of a lum ina 
is in c reased  from  0. 5 up to 1. 5%, the deg ree  of densification  r e ­
m ains a lm ost constant in  the tem p e ra tu re  range  of 1300 to 1400°C,
beyond v/hich the densification  in c re a se s  with in c reas in g  s in te rin g  
tem p era tu re  up to 1490°C, In com parison  with the iro n - ti ta n ia  
system , the deg ree  of densification  is  alw ays sm a lle r  fo r c o r r e ­
sponding iro n  alum ina alloys, (except 0. 5% alum ina alloy), at a ll 
s in te rin g  te m p e ra tu re s  other than 1490°C at which s im ila r  deg ree  
of densification  is  obtained in  both the sy s tem s.
The s in te rin g  behaviour of the iro n -z irc o n ia  system  ap p ears  
to be very  d ifferen t in the sense  th a t even a very  sm a ll amount 
of z ircon ia ' (i. e. 0. 5%) in iro n  inh ib its the densification  a lm ost 
com pletely even up to 1490°C (F igs. 8 and 9).
In the s in te rin g  of ajtwo-phase sy stem , the  in te rfa c ia l energy 
plays an im portan t ro le  in  governing the deg ree  of densification  
that can be achieved (see 2.1 . 3. 2). T h ere fo re , the re s u lts  d e ­
sc rib ed  above w ill, f i r s t  of a ll, be d iscussed  with spec ia l r e f e r ­
ence to the in te rfa c ia l energy values in  the  sy stem s under in v e s ti-  
gation. G enerally  it is  thought th a t, low er the in te rfa c ia l energy  in
the in te rface  betw een unlike p a rtic le s , g re a te r  should be the  d e n s i-  
55 61)fication  5 The low m e ta l-c e ra m ic  in te rfa c ia l en erg ies  a re  a l ­
so assoc ia ted  with good w etting and bonding tendencies ^ k ) .
F o r  the sy stem s iro n -a lu m in a , iro n -z irc o n ia  and iro n - tita n ia , 
Humenik and Kingery determ ined  the in te rfa c ia l energy
and the work of adhesion (which re p re s e n ts  the  work done in  se p a ­
ra tin g  the in te rface  into se p a ra te  su rfa ce s  of liquid and solid ,
Table 2). T h e ir re su lts  show that liquid iro n  gives a w etting con­
tac t angle of 84° on solid titan ia  at 1550°C, w hereas the  contact 
angles betw een liquid iro n  and solid  alum ina and z irco n ia  a re  both 
non-w etting ( ) 90°). A lso, the work of adhesion values fo r  iro n -  
- titan ia  is  g re a te r  than fo r iro n -a lu m in a , and iro n -z irc o n ia  s y s ­
tem s. F ro m  these  it can be p red ic ted  that iro n - ti ta n ia  sy stem  
should give g re a te r  densification  than iro n -z irc o n ia  and iro n -a lu m i-  
na sy s tem s fo r co rrespond ing  s in te rin g  te m p e ra tu re s  and tim e . The 
p re sen t re s u lts  p a rtly  ag ree  to  th is  above-m entioned c r i te r io n  in  
that densification  in iro n -tita n ia  is  g re a te r  than in the  case  of iro n -  
-alum ina and iro n -z irc o n ia  sy stem s. However, the densification  
in iro n -z irc o n ia  system  is  the low est among the th re e  sy s te m s , a l ­
though the work of adhesion is  low er and contact angle is  g re a te r  in  
the case  of iro n -a lu m in a  than iro n -z irc o n ia .
A ssum ing a random  and uniform  d is trib u tio n  of oxide p a r t ic le s
in  the m atrix , it is  expected that by in c reas in g  the am ount of the
oxide p a r tic le s , the num ber of contacts between unlike p a rtic le s
would in c re a se . A ccording to P ines and S u k h in in ^ ,  and Goodison 
57)and White , the densification  should d e c rea se  with in c re as in g  
oxide content, the degree  of which m ay be dependent upon o ther 
fac to rs  such as in te rfac ia l energy, in te rfa c ia l in te rac tio n , etc. 
Again the re s u lts  of the  p re se n t investigation  a re  in  genera l a g re e ­
m ent with th is c rite r io n .
T here  a re  at le a s t two m ore  fac to rs  that may influence the 
densification  of iron -ox ide  com pacts and tha t should be considered  
h ere . T hese a re  the agg lom eration  c h a ra c te r is tic s  and com posi­
tional s tab ility  of the oxides th em se lv es. T hese fac to rs  w ill be of 
in c reas in g  im portance  as s in te rin g  tem p era tu re  in c re a se s  and 
eventually approaches the m elting  point of the m atrix .
It can be seen  from  Table 2 that the m elting  point and energy
of fo rm ation  of tita n ia  is  the low est among the th re e  oxides used .
T his suggests that s in te rin g  of tita n ia  p a rtic le s  th em se lv es w ill 
a,
take place a t t e n t i v e l y  low er tem p era tu re  than that fo r alum ina 
and z ircon ia ; thus leading to e a s ie r  and g re a te r  agg lom eration  of 
titan ia  p a rtic le s . The e lec tro n  m icroscop ic  exam inations of the 
ex trac ted  titan ia  p a rtic le s  s in te re d  at v a rious te m p e ra tu re s  con­
f i r m  that titan ia  p a rtic le s  agg lom erate  at as low as 1100°C, 
w hereas, in the case  of alum ina and z ircon ia , th e re  is  v irtu a lly  no 
agglom eration  up to  1200°C.
The agglom eration  of titan ia  p a rtic le s  in  carbonyl iro n  has r e ­
cently been rep o rte d  by H u c t" ^ ^ . In a p re lim in a ry  investiga tion  on 
s in te rin g  of titan ia , alum ina and z ircon ia , H o u s e m a n ^ ^  has ob­
se rved  considerab ly  g re a te r  s in te rin g  of tita n ia  than alum ina and 
z ircon ia  at 1200 and 1300°C.
It is  to be expected, th e re fo re , from  the diffusion theo ry  of 
s in te ring , that a reduction  in co n stric tio n  of the diffusion c r o s s - 
-sec tio n  (i. c. passiv ity  of contacts betw een d is s im ila r  p a rtic le s )  
which will re s u lt  from  the agg lom eration  of the added " in so lu b le” 
p a rtic le s  w ill p rom ote s in te rin g . Thus i t  is  possib le  to p red ic t a 
g re a te r  degree  of densification , and a g re a te r  in c re a se  with s in te r ­
ing tem p era tu re  up to 1350°C, fo r iro n - ti ta n ia  alloys than fo r 
e ith e r iro n -a lu m in a  or iro n -z irc o n ia  alloys.
T itan ia  ha.s the low est heat of fo rm ation , and is  th e re fo re  the
le a s t stab le , of the  oxides used  in th is  investigation . T he p o ss ib ili­
ty of titan ia  decom position to i ts  low er oxide (at 1450°C with silicon  
and at 1500°C with nickel) has been suggested by Humenik and Kinge- 
r y 53b)^ This conclusion is  based on the in te rfa c ia l in te rac tio n  b e ­
tw een silicon , nickel and titan ia  that they observe. Pronounced in ­
te r fa c ia l  reac tio n s  w ere  a lso  observed  with iro n  on titan ia  (at 
1550°C, in hydrogen atm osphere), w here lit t le  or no rea c tio n  is  
observed  on alum ina and z ircon ia .
However, in the p re sen t investigation , no evidence of decom - 
-£o w er
position  of tita n ia  to  its^oxide is  found. The X -ra y  powder photo­
graphs give evidence fo r change of fo rm  from  A natase to  R utile 
a fte r s in te rin g  at 1400°C fo r 2 hours (10% (w t.) titan ia  in  F e ). It 
is  possib le  that the amount of TiO m ay be so sm a ll th a t i t  could not 
be detected  by th is  technique.
In the  case  of iro n -a lu m in a  and iro n -z irc o n ia  a lloys in  which 
agglom eration  of the oxide p a rtic le s  i s  m arkedly  le s s  than tha t of 
titan ia , the in c re a se  in the densification  with tem p era tu re  up to 
1400°C is much le ss  than  that in  the case  of iro n - ti ta n ia  alloys.
F o r  iro n -a lu m in a  alloys a m easu rab ly  rap id  in c re a se  in  d e n s ific a ­
tion  betw een 1400 and 1500°C is  observed . One of the  fa c to rs  th a t 
can contribute to th is in c re a se  in  densification  beyond 1400°C is
the agglom eration  of alum ina p a r tic le s , which has been  observed
170 171)in  the p resen t work as w ell as by o ther w orkers ' ' in  th is
field . The agglom eration  of z irco n ia  p a r tic le s , beyond 1400°C, is  
a lso  noticed but th is does not m ake any contribu tion  to the o v e ra ll 
densification  of iro n -z irc o n ia  com pacts, fo r which lit t le  v a ria tio n  
occurs at a ll s in te rin g  te m p e ra tu re s .
The s tab ility  and growth of alum ina p a rtic le s  in  iro n , n icke l 
and cobalt have been studied by G a t t i ^ ^  in the te m p e ra tu re  range  
1000 to I400°C . F ro m  th e ir  re s u lts  i t  is  c le a r  that although the 
ra te  of growth of alum ina p a rtic le s  at 1000 and 1400°C is  v e ry  m uch 
the sam e, th e re  is  a la rg e  d ifference  in  the m agnitude of a g g lo m er­
ation, being considerab ly  g re a te r  a t 1400° than at 1000°C. They 
conclude that growth occurs by the d isso lu tion  of those p a r tic le s  
which a re  sm a lle r  than a c e r ta in  c r i t ic a l  s ize  (which they do not 
define), together with the sim ultaneous growth of the  la rg e r  p a r ­
tic le s  by deposition from  the su p e rsa tu ra te d  solid  so lu tion , the 
solute  content of which is  con tro lled  by the d isso lu tion  of the  s m a ll ­
e r  p a rtic le s .
171)D rom sky et al. 7 have looked into the growth of alum ina 
p a rtic le s  in n ickel m atrix  in the tem p era tu re  range 1171 to 1355°C, 
fo r tim es up to 120 hours. They a lso  suggest that the g ro w th -ra te  
contro lling  m echanism  is  the alum inium  and oxygen atom s into the 
n ickel la ttic e . They have also  shown that the phase tran sfo rm a tio n  
fo r y-alum ina to a -a lum ina  had no effect on its  growth.
F ro m  th ese , it  seem s possib le , th e re fo re , that it  is  the  th e r ­
m al stab ility  of alum ina p a rtic le s  that determ ined  the s in te ra b ility  
of the iro n -a lu m in a  system . At the low er tem p era tu re s  (i. e„ up to 
1350°C) lim ited  growth and g re a te r  s tab ility  of alum ina h inders 
densification  by a constric tion  of the diffusion c ro s s -s e c tio n  fo r the 
m atrix  atom s, while at the h igher tem p era tu re s  the o v e ra ll volum e 
of such "sec tio n '1 is  reduced  re su ltin g  in g re a te r  densification . An 
additional fac to r that m ay contribute to th is  in c re a se  in d e n s ific a ­
tion  at h igher tem p era tu re s  is  the p o s s ib i l i ty  of in te rfa c ia l r e a c -
172)tion and compound form ation . Zwilsky et al. ! have ind icated  the 
possib ility  of som e so r t of iro n -a lu m in a te  fo rm ation , although the  
amount is  thought to  be very  sm all. In such an event, the d e c re a se  
in  in te rfac ia l energy w ill cause an in c re a se  in the o v e ra ll d e n s if ic a ­
tion  of the  system .
The re v e r s a l  of the densification  in the case  of iro n - ti ta n ia  s y s ­
tem , beyond 1350°C, co rresponds with the observed  onset of con­
s id e rab le  g rain  growth, as well as an in c re a se  in the p o re  s iz e .
The m agnitude of the re v e r s a l  d e c re a se s  with in c re as in g  oxide con­
ten t. M ic ro stru c tu ra l evidence a lso  suggests that the  p ro p o rtio n  of 
p o res , which a re  iso la ted  from  the grain  boundaries, is  m uch h igher
beyond 1350°C.
35)Kuczynski ',  in  h is  trea tm e n t of p o res acting  as g rain -g row th
inh ib ito rs , assum es that p o res  m ay o rig inally  be divided into
c o a rse  and fine c la sse s , and tha t fine po res  sh rin k  while c o a rse
ones do not. T hat such a d is tribu tion  is  m aintained to a fa ir ly  high
173)density  is  suggested by Colombo » Colombo, in  an a p p ra isa l of 
po re  and g rain  size  evolution in s in te red  bodies, a lso  points out 
that as soon  as the fine po res d isappear, secondary  r e c ry s ta l l iz a ­
tion would s ta r t .  It would thus appear that in the iro n - ti ta n ia  s y s ­
tem  the sm a ll po res a re  e lim inated  m uch e a r l ie r  on during  the 
cou rse  of s in te rin g  beyond 1350°C, due m ainly to in c re a s in g  in -  • 
stab ility  and g re a te r  agg lom eration  of tita n ia  p a r tic le s . T his view
is  supported  by the fact th a t the in c reas in g  oxide content red u ces 
the am ount of re v e r s a l  and eventually at a level of 2. 0 wt. % tita n ia  
rem oves it  a ll to g e th er. In the la t te r  case , the  g ra in  grow th is  con­
tro lle d  by the p a rtic le s  and the p a rtic le s  a re  so  c losely  spaced (in 
the g ra in  boundaries) tha t th e re  is  v irtu a lly  no g ra in  growth. It 
should a lso  be pointed out, how ever, th a tjp re sen ce  of im p u ritie s  
(e ither in  the oxide or m atrix  powder) may a lso  enhance the g rain  
growth, especially  in com pacts of low oxide content.
However, once the po res  a re  iso la ted  from  the g ra in  bounda-
35)r ie s ,  accord ing  to Kuczynski ',  som e of the vacancies d iffusing 
from  the sm a lle r  po res can m ig ra te  to the la rg e r  ones, which in 
tu rn  should in c re a se  ra th e r  than d e c rea se  in s ize . M oreover, 
since p rac tica lly  no com pacts a re  produced in vacuum , i t  is  un ­
avoidable that som e gas should be trapped  in  the po res and the d if­
fusion of th is  gas an d /o r any o ther gaseous product during  s in te r ­
ing (in>stead of the diffusion of vacancies) from  h ig h -p ressu re  
sm a ll to lo w -p re ssu re  la rg e  po res can give r is e  to an expansion of 
the com pact as a whole (as suggested  by E u d i e r ^ .  A s im ila r  con­
clusion has also  been a rr iv e d  at by Rhines et al. who found a
negative densification  when s in te rin g  copper com pacts in  argon , and
39)by Mans our and White , who found expansion of UOg com pacts.
In the case  of the iro n -z irc o n ia  a lloys, in which v irtu a lly  no 
densification  is  observed , th e re  is  evidence of a considerab le  g ra in  
growth beyond 1350°C. As in the case  of the iro n - ti ta n ia  a lloys, the  
iso la ted  po res grow as tem p e ra tu re  in c re a se s . T his in c re a se  in  the 
s ize  of individual po res (and probably the po re  volum e, too) ex ­
p lains, at le a s t p a rtly , the  low densification  of the iro n -z irc o n ia  
system  beyond 1350°C, However, th is  explanation is  not, in  itse lf , 
sufficien t to  account fo r such a low densification  a t 1300 and 1350°C 
(for 2 hours) and a t 1000°C fo r 300 hours. Another fac to r , which 
should be considered  is  the effect of the chem ical activ ity  of z ir c o ­
nium at the m a tr ix /p a r tic le  in te rfac e , i . e. p o re /m a tr ix  in te rfac e  
(because p a rtic le s  a re  asso c ia ted  with po res). It is  known that z i r ­
conium has a ve ry  strong  tendency to form  on in te rm e ta llic  compound 
with iron  (FeZ rg). T his may re q u ire  the p resen ce  of a sm a ll amount 
of zirconium  (as a decom position product of the o rig ina l z irco n ia  
p a rtic le s)  at the in itia l stages. In such a case , a m ono- o r d iatom ic 
lay e r of z irconium  m ay be deposited  on p a rtic le s  (m atrix ), th e reb y
inhibiting diffusion and re s tr ic tin g  densification .
The values of the room  tem p era tu re  h ard n ess , de te rm ined  on 
the as s in te re d  com pacts (Fig. 10) of the iro n  and iro n  containing 
alum ina, z irco n ia  or titan ia , a re  generally  consisten t with the con­
cept of la rg e  g ra in  growth asso c ia ted  with the drop in  the degree  of 
densification . In a ll the c a se s , the  h a rdness in c re a se s  with d ecreasin g  
oxide content a t a ll the s in te rin g  tem p era tu re s  in a m anner which is  
consisten t with the densification  c h a ra c te r is tic s  of the sy s tem  con­
cerned . The in c reas in g  tren d  of h a rdness with in c re a s in g  s in te rin g  
tem p era tu re  is  expected owing to (a) an in c re as in g  amount of pore  
e lim ination and (b) g re a te r  and b e tte r  "bond" fo rm ation  betw een 
the m atrix  p a rtic le s  by diffusion p ro c e s s e s . The drop in  the h a rd ­
ness va lues of the com pacts containing alum ina at 1400°C and titan ia  
at 1350°C can be a ttribu ted  to the  observed  g ra in  growth in  the  r e ­
spective  sy stem s.
It is  in te re s tin g  to note, how ever, that in  the iro n -z irc o n ia  
system  although th e re  is  no m easu rab le  change in densification  in  
the tem p era tu re  range 1300 to 1490°C, th e re  is  a no ticeab le  in ­
c re a s e  in hardness between 1300 and 1350°C, which is  followed by 
a drop at 1350°C. T his ind ica tes the possib ility  of su rfa ce  diffusion 
being operative  in  th is  tem p era tu re  range and being the m ain con­
tr ib u to r  to the in c re a se  in  the ha rd n ess values.
5 .1 .3. S ta in less S teel
F ig s . 11 and 12 show the s in te rin g  c h a ra c te r is tic s  of the s ta in ­
le s s  s te e l-b ased  d isp e rsio n s having oxide contents s im ila r  to the  
carbonyl iro n -b ase d  alloys. C onsidering, f i r s t  of a ll, the cu rves 
fo r und ispersed  s ta in le ss  s te e l com pacts, i t  w ill be seen  that it  can 
be divided into th re e  stages:
Stage I (1150 to 1250°C). A slow in c re a se  in  deg ree  of 
densification  as te m p era tu re  in c re a s e s .
Stage II (1250 to 1300°C). The density  rem a in s  a lm ost 
constant (i. e. no im provem ent in densification).
Stage III (1300 to 1400°C). A rap id  in c re a se  in  d e n s ific a ­
tion  with in c reas in g  te m p e ra tu re  leading  up to  
b e tte r  than 0. 9 AD at 1400°C.
The m ic ro s tru c tu re s  of the s in te red  com pacts show tha t th e re  
is  ve ry  little  grain  growth up to 1250°C, and the po res  rem a in  in ­
terconnec ted  through the g rain  boundaries. At 1300°C, th e re  is  
evidence of som e grain  growth and som e po res  a re  found iso la ted  
from  the g ra in  boundaries. F in a lly , a m arked  grain  grow th occurs 
at 1400°C, and once again p o res  a re  seen  to be connected to the 
g rain  boundaries. On the b as is  of th ese  observations, i t  is  likely  
that during Stage I the p ro g re ss iv e  densification  is  a re s u l t  of 
pore  elim ination, pore  size  reduction  and shape m odification through 
grain  boundary and su rface  diffusion. A lso, the p o res , in  th is  s tage , 
appear to be acting as s tro n g  and effective b a r r ie r s  to  g ra in  bound­
a ry  m ovem ent.
The iso la tion  of po res from  the g ra in  boundaries com bined 
with a lim ited  g rain  growth during Stage II, may lead  to le s s  vacan ­
cy tra n s fe r  through the g rain  boundaries due to the reduced  volum e 
frac tio n  of g rain  boundaries and the in c re ased  path  fo r vacancy 
m ovem ent to the g rain  boundaries and th is m ay give r i s e  to r e ­
duced densification
At s ti ll  h igher te m p era tu re s  (Stage III), densification  p roceeds 
again. The in c re a se  in densification  with in c reas in g  te m p e ra tu re  
is  much fa s te r  than in Stage I o r Stage II. T h is m ay be due e ith e r 
to in c re ased  atom ic m obility; fo rm ation  of a liquid phase, in te r - 
fac ia l in te rac tio n  or a com bination of a ll th ree . The la ttic e  con­
tribu tion  is  obviously positive . In the p resen t investigation  th e re  
is  no evidence of the fo rm ation  of any liquid phase during  s in te rin g .
Most s ta in le ss  s te e l pow ders m ade by autom ated p ro c e sse s
contain m inute amount of oxygen on th e ir  su rface , m ost probably
in the form  of oxide. The oxygen content of the powder used  in  the
p resen t work is  ra th e r  high (see Table 6), and it is  thought tha t
m ost of i t  is  in the form  of CrgOg form ed on the powder su rfa c e s .
The p resen ce  of even a th in  film  of CrgOg on the pow der su rfa ce
w ill generally  inhibit s in te rin g  because the oxide la y e r  ac ts  as a
b a r r ie r  to atom ic tra n s fe r  which is  n e c e ssa ry  for any sh rinkage to
174)occur If, on the  o ther hand, the oxide lay e r  is  reduced  to
m etal during sin tering , then a f re s h  su rface  is  obtained which is
thought to be "chem ically  ac tive" , with g rea t m obility and su rfa ce  
175 —176)energy . The s in te rin g  behaviour in th is  s itua tion  is  often
considered  to be enhanced.
In an investigation  (Appendix 1) on sim ultaneous reduc tion  and 
s in te rin g  of m ixed oxides (FegOg, NiO and CrgOg with and without 
AI2O3, ZrOg or T iC y  it  has conclusively  been shown that CrgO^ 
can be reduced  to chrom ium  at 1400°C, in  a d ry  hydrogen a tm o s ­
p here . It is  very  likely , th e re fo re , tha t during s in te rin g  beyond 
1300°C, m ore oxides w ill be reduced  as the tem p e ra tu re  is  in ­
c re a se d , thus providing "new" m eta llic  su rfaces  fo r s in te rin g  to 
take p lace. The gas analysis of the specim ens, s in te re d  at 1250°C 
shows a rem ark ab le  drop in oxygen content from  that of the as 
supplied powder. T h ere fo re , i t  can be concluded that one of the  
m ain fac to rs  contributing to the g re a te r  densification  above 
1300°C is  the reduction  of the oxide film  tha t the o rig ina l pow der 
contains.
The s in te rin g  c h a ra c te r is tic s  of the fine (8. 2 j i ) s ta in le s s  
s te e l pow ders a re  b asica lly  s im ila r  to  those  of the c o a rse  pow ders 
but with an even g re a te r  ra te  of densification  (com pare F ig . 11 
with F ig . 12). This m ay be due to the effect of e ith e r of two d if fe r ­
ent fac to rs . F ir s t ly ,  the  fine p a rtic le s  w ill have an in h eren tly  
g re a te r  driv ing  fo rce  fo r s in te r in g , due to th e ir  g re a te r  specific  
su rface /v o lu m e ra tio . Secondly, th e ir  low er oxygen content (see 
T able 6) could lead to an in c re ased  densification  ra te  due to the 
sm a lle r  amount of oxide b a r r ie r s  on th e ir  su rfaces . F u r th e rm o re , 
the fact that the densification  ra te  of the fine powder re a c h e s  a 
m axim um  at 1350°C (as com pared with 1300°C fo r the c o a rse  pow ­
der) is  a fu rth e r  ind ication  of the im portance  of the  above fa c to rs  
in contro lling  the s in te rin g  behaviour.
5 .1 .4 . S tain less S tee l-B ased  D ispersion
The com parison  of the cu rves fo r the d isp e rsed  and u n d isp e rsed  
s ta in le ss  s te e l in F ig . 11 shows two m ain d ifferences in  th e ir  s in ­
te r in g  behaviour:
(a) T h ere  is  le ss  densification  in  the sam ples containing 
d isp e rs io n s , the d ifference being g re a te r  a t low er 
te m p e ra tu re s .
(b) Stage II is  absent in d isp e rs io n  containing sam p les.
A fu rth e r  com parison  of the re s u lts  of F ig . 11 with tha t of 
F ig . 8 ind ica tes that th e re  a rc  d ifferences in  the influence of the
d isp c rso id s  on the s in te rin g  behaviour of the two m a tric e s  (i. e. 
carbonyl iro n  and s ta in le ss  s tee l). T hese  can  be su m m arized  as 
follows:
(a) None of the d isp erso id s a re  as effective in  inhibiting 
densification  in  s ta in le ss  s te e l as they a re  in  carbonyl 
iro n  (p articu la rly  a t te m p e ra tu re s  above 1300°C).
(b) The only d isp e rso id  which p roduces s im ila r  d e n s ific a ­
tion  cu rves fo r both m a tr ic e s  is  alum ina, although the  
tem p era tu re  fo r the onset of rap id  densification  is  
low er and the deg ree  of densification  beyond th is  te m ­
p e ra tu re  i s  h igher in s ta in le ss  s te e l than in  carbonyl 
iro n .
(c) Z ircon ia  p a rtic le s  have a m arkedly  d ifferen t effect on 
the s in te rin g  behaviour of the two m a tric e s . In the 
case  of carbonyl iro n , th e re  is  v irtu a lly  no d e n s ific a ­
tion, even at 1500°C, w hereas in  s ta in le ss  s te e l con ­
sid e rab le  densification  occurs a t a ll te m p e ra tu re s  
above 1250°C, fo r both the c o a rse  ( 38 jn ) and fine
( 8. 2 p.) pow ders.
The fac to rs , o ther than the se lf-d iffusion  c h a ra c te r is t ic s  of 
the  e lem ents in  the s ta in le ss  s tee l, that con tribu te  to the d iffe ren ces 
in  the s in te rin g  behaviour of carbonyl iro n  and s ta in le ss  s te e l con­
tain ing  d isp erso id s a re : (a) d ifferences in  d isp e rso id  d is tr ib u tio n  
due to la rg e  d ifference in the p a rtic le  s ize  of the two m a tr ic e s , and
(b) the possib ility  of in te rfa c ia l in te rac tio n  between the d isp e rso id s  
and any C rgG g-rich  oxide that may be p re sen t at the su rfa ce s  of the 
s ta in le ss  s te e l powder. However, the s in te rin g  of fine (8.2 ^ ) pow­
d e r with 1. 0 wt. % z irco n ia  (Fig. 12) shows a high deg ree  of d e n s if i­
cation (in fact h igher than the  c o a rse  s ta in le ss  s te e l containing 1 . 0 
wt. % zirconia) at a ll te m p era tu re s  in  the  range of 1150 to  1400°C. 
Hence it  can be concluded that the  d ifference  in  the s in te rin g  b ehav i­
our that z ircon ia  produces in  the two sy stem s is  not in h eren tly  due 
to the d ifferences in  the d is trib u tio n  a ris in g  from  the p a r tic le  s izes  
of the m atrix  powder.
It has a lready  been pointed out (in Section 5 .1 .1 .1 )  tha t the 
p resen ce  of oxide which does not d isso c ia te , o r becom e reduced  
under s in te rin g  conditions has, in  g en era l, an inhib iting  effect, be-
cause i t  ac ts  as a diffusion b a r r ie r ,  .It is  a lso  possib le , on the
o ther hand, that even a lim ited  in te rac tio n  betw een the com ponents
(e. g.. C r9O o -rich  oxide and d isperso id ) under s in te rin g  conditions
177)can prom ote the s in te rin g  behaviour .It has been rep o rte d  that
178)alum ina and z irco n ia  have a high so lubility  in C rg O g -rich  oxide 
w hereas tita n ia  has a lim ited  so lubility . On th is  b a s is  it  seem s p o s ­
sib le  that the  p ro g re ss  of s in te rin g  of s ta in le s s  s te e l containing 
such oxides will continue in  accordance with the  c r i te r io n  d iscu ssed  
in  the p rev ious subsection  (viz. accord ing  to the agg lom eration  
c h a ra c te r is tic s  of the d isp e rso id  and the co n stric tio n  of the  d iffu­
sion c ro s s -s e c tio n  due to th e ir  p resence) un til a tem p e ra tu re  is  
reach ed  at which C rgO g-rich  oxide and the d isp e rso id  re a c ts .
In the event of such an in te rac tio n  taking p lace, the in te rfa c ia l 
energy will be a lte red , and thus densification  will be changed a c ­
cordingly; the n a tu re  and m agnitude of th is change being dependent 
on the kind and extent of the  in te rac tio n . In the p a r tic u la r  c a se  of 
d isso lu tion  of d isp erso id  p a rtic le s  in  C rg O ^-rich  oxide, a re d u c ­
tion in  the to ta l energy of the sy stem  would take p lace owing to the 
reduction  in a re a  both of the  C rgO g-rich  o x id e /a ir  and of the  m e ta l/ 
oxide in te rfac es . T his m odification of the in te rfac es  as w ell as of 
the oxide coupled 'w ith p a r tia l  o r com plete reduction  (sim ultaneous) 
of the product of the  in te rac tio n  will enhance the s in te rin g  and p r o ­
m ote the  densification..
The re s u lts  plotted in  F ig . 11 b ea r out the above-m entioned 
c r i te r ia ;  i t  is  th e re fo re  thought that the densification  of both d is ­
p e rs io n s (e. g. s . s. - titan ia  and alum ina) up to 1300°C is  probably  
governed by the agglom eration  c h a ra c te r is t ic s  of the oxide p a r t i ­
c le s , w hereas beyond 1300°C, by the agg lom eration  as w ell as  
" in te rac tio n ’1 c h a ra c te r is tic s . In the  case  of z irco n ia  containing 
s ta in le ss  s te e l, how ever, it  appears as if in te rac tio n  s ta r ts  a t 
slightly  low er tem p era tu re  ( ^ 1250°C) and m akes g re a te r  co n trib u ­
tion at h igher tem p era tu re s  ( s-1350°C) than the o ther two sy s te m s .
5 .2 . M ic ro stru c tu re
5. 2 .1 . M atrix G rain  Size
The final g rain  size  of a m atrix  (containing d isp e rsed  p a r t i ­
c les) is  considerab ly  influenced when d isc re te  p a rtic le s  a re  d is -
p e rsed  in  it. Since m ost of the m echanical p ro p e rtie s  data  that will 
be d iscu ssed  in  the following sec tion  a re  obtained on specim ens 
containing d ifferen t am ounts of p a rtic le s  and thus having d ifferen t 
g rain  s iz e s , the influence of d isp e rs io n s  on the final g ra in  size  
w ill be b riefly  d iscussed . The p re sen t re s u lts  show a g rea t re d u c ­
tion  in  the final g ra in  size  (i. e. a fte r  re c ry s ta ll iz a tio n  at 600°C 
fo r two hours) of m atrix  containing p a rtic le s  when com pared  to 
s im ila rly  tre a te d  und ispersed  m atrix  (see Table 13). It can a lso  be 
seen  from  th is  tab le  that the reduction  in  g ra in  size  in c re a se s  with 
the amount of oxide added. T h is g ra in -s iz e  v a ria tio n  with the oxide
content seem s to follow a functional re la tio n sh ip  suggested  by
179)Byrne Avhich pred icts that the lim itin g  grain s iz e , d, should be 
proportional to (r /f)  w here r i s  the p artic le  radius and f th eir  
volum e fraction . '
R eference to T able 13 a lso  shows a m easu rab le  d ifference  in  
g rain  size  a fte r  s im ila r  annealing tre a tm e n ts  but due to d ifferen t 
am ounts and n a tu re  of the p re -a n n ea l deform ation . Although the 
v a ria tio n  of g ra in  size  with the  oxide content is  m ain tained  in  the 
m oderate ly  (65%) and sev ere ly  (95%) co ld -ro lled  as w ell as ho t- 
-ex truded  specim ens, yet fo r each com position a re la tiv e  in c re a se  
in  g rain  size  with d ecreasin g  deg ree  of deform ation  is  apparen t. 
T his is  in ag reem ent with the genera l concept of re c ry s ta ll iz a tio n  
and g ra in  growth v a ria tio n  with deform ation.,
5. 2 .2. D ispersion  C h a ra c te r is tic s
The deta iled  s tru c tu ra l  analysis r e s u lts  p resen ted  in  Section
4. 4 estab lish  the following as key fac to rs  in  de te rm in ing  the  final 
d isp e rs io n  c h a ra c te r is tic s  of the alloys p resen tly  used :
(a) S in tering  and working tem p era tu re
(b) D isperso id  concen tra tion  and its  s in te ra b ility
(c) M anufacturing technique and tem p era tu re .
Since the only p laces d isp erso id  p a rtic le s  can go to (during 
mixing) a re  the m a tr ix -p a r tic le  boundaries, the d isp e rso id  p a rtic le  
s ize  in c re a se s  on s in te rin g  (for a given s in te rin g  te m p e ra tu re  and 
s in te rab ility  of the d isperso id ) with in c re a s in g  p a rtic le  c o n c e n tra ­
tion  (Fig. 37). Depending on s in te rin g  tem p e ra tu re  and s in te ra b il i ­
ty of the p a r tic le s , these  agg lom era tes rem a in  e ith e r in  loose
c lu s te r  form  (Fig. 36 b) o r becom e solid  lum ps (Fig. 43 c). At 
h igher volum e frac tio n  level, a lm ost a continuous lay e r  of these  
agg lom erates on the m atrix  p a rtic le  a re  form ed (F igs. 37 e a n d . 
f). T hese a re  broken, dislodged from  th e ir  o rig ina l s ite s  and 
"fo rced" into m atrix  g ra in s  during working p ro c e ss . R eference  
to Table 12 shows that the degree  of "b reak -up" of th ese  ag ­
g lom erates is  m uch h igher in  the extruded than in  the  fo rged  and 
co ld -ro lled  a lloys. One of the re a so n s  fo r th is  may be a sso c ia ted  
with weakening of these  agg lom era tes at ex trusion  te m p e ra tu re  
and the na tu re  of tu rbu len t-flow  during  the ex trusion .
The re s u lts  of Section 4. 4. 2 show the d ifference  in  frag m en - 
tion  behaviour betw een z ircon ia  and alum ina p a rtic le s ;  the f r e ­
quency and se v e rity  of the fo rm e r  being much g re a te r  than the  
la t te r .  T his is  thought to a r is e  from  two so u rces , one being the 
la rg e r  am ount of in te rn a l po rosity  in  s in te red  z irco n ia  ag g lo m er­
a tes  than s im ila r ly  tre a te d  alum ina ones because z irco n ia  s in te rs  
le s s  than alum ina in  that tem p era tu re  ran g e ; the  o ther being the 
low er ten s ile  s treng th  of z irco n ia  than of alum ina (at a given te m ­
p e ra tu re ) . T his view is  supported  by the fac t that when the  s in te r ­
ing tem p era tu re , fo r alloys containing alum ina o r z irco n ia , is  
brought down to a level w here the s in te rab ility  of both kinds of 
p a r tic le s  is  lim ited  (i. e.: 1200°C), then  only loose agg lom era tes 
a re  form ed in both the c a se s . T h is leads to  an easy  sep a ra tio n  of 
loose agg lom erates without n ecess ita tin g  p a rtic le  (agglom erate) 
f ra c tu re .
5; 3. Room T em p era tu re  T ensile  P ro p e r tie s  (of C arbonyl Iro n -B ased  
D ispersions)
5 .3 .1 .  M acroscopic P ro p e r tie s
5. 3 .1.1 . S tre ss /S tra in  C urves
In a ll the alloys, d isp e rsed  o r und ispersed , when te s te d  in |a s
cold-w orked o r ho t-ex truded  condition at room  te m p e ra tu re , no
d istinc tly  sh a rp  y ield  point is  observed . However, the  cu rv es ob-
dtu.
ta ined  fo r s im ila r  alloys when te s te d  at room  te m p e ra tu re  injjas 
annealed condition a re  of considerab le  in te re s t, f i r s t ly  b ecause  
they show-up the d ifferences in  yielding as well as  flow behav iour
betw een d ifferen t alloys, and secondly because the knowledge of 
re la tiv e ly  w ell-defined s tru c tu re  of the annealed s tru c tu re s  m ake 
th e ir  analysis possib le .
In m ost of the annealed specim ens (see F ig . 26) a sh a rp  and 
d istinc t y ield  point is  observed . The yie 'ld-drop and L u d e r 's  s tra in  
(i. e . , low er y ie ld  point extension) a re  found to be a function of the 
amount of d isp e rs io n  in the specim ens; both d ecreasin g  with in ­
c re a s in g  p a rtic le  concen tra tion  (i. e . , d ecreasin g  in te rp a r tic le  
spacing). F ro m  F ig . 26 it  can a lso  be seen  tha t iro n -a lu m in a  a l ­
loys exhibit discontinuous w hereas iro n -z irc o n ia  a lloys exhibit 
continuous type of y ielding. The slope of p las tic  p a r t  of th ese  
cu rves d e c rea se s  with in c reas in g  s tra in  and in c re a se s  w ith in ­
c re as in g  amount of d isp e rs io n s; m ore  so in  the case  of i ro n -a lu ­
m ina than in  iro n -z irc o n ia  a lloys.
The absence of y ield  points in  the cold- o r hot-w orked s p e c i­
m ens and th e ir  appearance  upon annealing can.be explained in 
te rm s  of d islocation  s tru c tu re  and i ts  m odification by annealing.
In the highly deform ed sta te  of specim ens, the e lim ination  of 
y ie ld -d rop  can be p red ic ted  due to a la rg e  num ber of newly gen­
e ra ted  unlocked d islocations. The v a ria tio n  of the y ie ld -d ro p  with 
d isp e rsio n  c h a ra c te r is tic s  w ill be d iscussed  in  Section 5, 3. 2 in  
te rm s  of d islocation  m odels.
5. 3 .1 . 2. T ensile  Strength  at Room T em p era tu re
The ten s ile  stren g th  data p resen ted  in  F ig . 19 and obtained on 
specim ens containing alum ina or z irco n ia  tha t w ere fo rged  and 
co ld -ro lled  a re , in  general, in  accordance with the  basic  concept 
of d isp e rs io n  strengthening  outlined in  Section 2. 2, and lends 
credence  to the idea that the streng then ing  is  enhanced with in ­
c re a s in g  amount of and d ecreasin g  spacing between the  p a r t ic le s . 
The re s u lts  fo r iro n -a lu m in a  a lloys a re  a lso  in  good ag reem en t 
with the re s u lts  available  in  the l i te ra tu re ;  th ese  a re  quoted in  
T able 14.
It can read ily  be seen , how ever, from  F ig s . 19, 21, and 22 
tha t the degree of streng then ing  obtained in the case  of i ro n -a lu ­
m ina alloys is  substan tia lly  g re a te r  than in the  case  of i r o n - z i r ­
conia alloys (beyond f = 1. 37) when the alloys a re  s in te re d  at 
1350°C and then forged and co ld -ro lled . Low ering the  s in te rin g
te m p era tu re  down to 1200°C e lim ina tes th is d ifference . R eference  
to F ig . 28 a lso  shows that th is  d ifference  in  streng then ing  behav i­
our betw een alum ina and z irco n ia  does not ex ist in  the ex truded a l ­
loys.
The ten s ile  s treng th  data  obtained on co ld -ro lled  and annealed, 
and extruded and annealed m a te ria ls  (Figs.. 19 and 28) a lso  exhibit 
in c reas in g  strengthening  due to  in c re a s in g  p a rtic le  concen tra tion . 
The c o rre la tio n  of these  data with d isp e rs io n  streng then ing  m odels 
w ill be d iscussed  in  Section 5. 3. 2.
5. 3 .1 . 3. The Influence of P a r tic le  Morphology
The stro n g  dependence of the ten s ile  s tren g th  on the specim en  
production h is to ry  (Section 5.-3.-1. 2) is  thought to o rig ina te  from  
the d ifference in the p a rtic le  m orphology tha t is  brought about by 
d ifferen t production technique. The fac to rs  affecting p a rtic le  m o r­
phology and kinds of m orphologies they produce have been d iscu ssed  
in Section 5. 2. 2. P re sen tly , an effo rt w ill be m ade to c o rre la te  the 
ten s ile  s treng th  with the p a rtic le  m orphology of the  specim ens on 
which these  data  w ere obtained.
S intering a t 1200 C (Section 5. 2. 2) produces loosely  bonded 
c lu s te rs  of p a rtic le s  which then read ily  b reak  down to a s im ila r  
extent during forging and co ld -ro llin g . The genera l s tru c tu re  of 
both alum ina and z irco n ia  containing a lloys, im m edia te ly  p r io r  to 
tes tin g , is  thus one of uniform ly d is trib u ted , fine, a lm ost s p h e r i­
cal p a rtic le s . Hence th e re  is  no basic  strengthen ing  d ifference  b e ­
tween the two d isp e rso id s fo r alloys which w ere s in te re d  a t 1200°C. 
In co n tra s t to th is , s in te rin g  at 1350°C leads to  considerab le  p a r ­
tic le  agglom eration , and u ltim ate  s tru c tu re  depends on the f ra c tu re  
c h a ra c te r is tic s  of the  d isp e rso id s . In genera l, the alum ina p a r t i ­
c le s  produced a fte r  forging and ro llin g  a re  s im ila r , in  shape to  
those of the alloys which w ere s in te re d  a t 1200°C; w hereas z irc o n ia  
p a rtic le s  a re  sharp ly  angular in  shape. D etailed exam ination  of a 
la rg e  num ber of high m agnification m ic ro g rap h s of indiv idual p a r ­
tic le s  shows that th is is  due to the mode of p a rtic le  fragm en ta tion  
o ccu rring  during the m echanical working sequences. A sch em atic  
re p re se n ta tio n  of the above-described  d ifferences in  the fina l p a r ­
tic le-m orpho logy  between alum ina and z irco n ia  is  given in  F ig . 46.
It is  of in te re s t  now to consider the m echanical p ro p e r tie s  of
the  alloys containing p a rtic le s  of d ifferen t m orphologies. F ig s . IS 
and 21 show the v a ria tio n  of the U. T .S . and the  h a rd n ess  (at room  
tem p era tu re , in cold-w orked condition), re sp ec tiv e ly , with oxide 
volum e frac tio n  fo r alloys s in te re d  at 1350 and 1200°C. F ro m  
th ese , i t  im m edia te ly  becom es apparen t that the  a lloys containing 
sp h e rica l o r n early  sp h e rica l p a rtic le s  exhibit considerab ly  g re a t­
e r  streng thening  than those containing sh a rp -c o rn e re d  p a r tic le s .
In the case  of iro n -a lu m in a  alloys, fo r exam ple, w here alum ina 
p a r tic le s  m ain tain  th e ir  n e a r -sp h e r ic a l shape both when s in te red  
at 1350°C and 1200°C, a much h igher streng then ing  is  obtained 
than in  iro n -z irc o n ia  alloys s in te re d  at 1350°C, w here p a rtic le s  
a re  sh a rp -c o rn e re d . S in tering  of iro n -z irc o n ia  at 1200°C, on the 
o ther hand, produces le s s  p a rtic le  agglom eration  and th is  leads to 
a d istribu tion  of sm a ll and n e a r-sp h e r ic a l z ircon ia  p a r tic le s  a fte r  
subsequent forging and co ld -ro llin g . T h is , in  re tu rn , p roduces 
s im ila r  strengthening  in iro n -z irc o n ia  alloys to that obtained in  
iro n -a lu m in a  a lloys. The alloys containing alum ina or z irco n ia  
when tes ted  in extruded (afte r s in te rin g  at 1350°C) condition, they 
show s im ila r  strengthening . T his is  consisten t with the m eta llo - 
graphic observations that in  the extruded condition both alum ina 
and z irco n ia  p a rtic le s  have v e ry  s im ila r  m orphology.
The sharp  c o rn e rs  of z irco n ia  p a rtic le s  a re  effectively  sh a rp  
| notches. Hence the s t r e s s  concen tra tion  at these  c o rn e rs  is  like ly  
j to be considerab ly  h igher than on sp h e rica l p a r tic le s  The
j s t r e s s  concen tra tion  thus c rea ted  m ay cause  ru p tu re  of the  m a- 
| t r ix  (near the p a rtic le ), the  p a r tic le -m a tr ix  in te rface , o r the  p a r -
j t i d e s ;  re laxation  of tr ia x ility  of th e se  new in te rn a l f re e  su rfa ce s
j
j and hence reduction  of the  peak te n s ile  s t r e s s .  The s t r e s s  in  fron t 
1 of the c ra ck  (m icro) m ay be re lax ed  by p las tic  flow blunting the  
Icrack. Since p a rtic le s  act as d isloca tion  so u rces , they could, in  
p rin c ip le , in c re a se  the num ber of m oving d islocations and p rom ote  
js tress  re lax a tio n  by slip , m aking cleavage difficult. The low er 
strengthen ing  in  z ircon ia  containing alloys is ,  th e re fo re , co n sid ­
e red  to be due to  th e ir  m orphological w eakness.
The s im ila r ity  in  the streng then ing  behaviour of alum ina and 
z ircon ia  containing alloys when they a re  extruded is  a lso  in  a c ­
cordance with th e ir  s im ila r  m orphology.
5. 3 .1 . 4. The E ffect of G rain  Size
F ig . 48 shows the v a ria tio n  of flow s t r e s s  with re c ip ro c a l
square  roo t of g ra in  d iam ete r of the ex truded-annealed  specim ens
(that w ere te s ted  at room  tem p era tu re ). A lin e a r  re la tio n sh ip  b e -
- 1/ 2tween cr^  ^  and d ' seem s to ex is t, with an exception th a t the
s c a tte r  fo r 7-» 75 vol. % Z rO 0 containing specim ens is  too la rg e .
3/2The slope of the  line, k, is  calcu lated  to b e .3. 83 kg /m m  ' and i ts
ord inate  axis in te rce p t at infin ite  g ra in  s ize , t , is  ~11. 5 kg /
2 0 mm . Both the fric tio n  s tr e s s  value, t  , and the F e tch  slope, k,
°  -fci
thus obtained a re  considerab ly  higher than those availab le  in ^ lite ra -
tu re  on pure  iro n  and iro n  containing v a rio u s am ounts of carbon  
(see Table 15).
R eference to Table 15 a lso  shows an in c reas in g  tendency of 
the fr ic tio n  s t r e s s  (i. e. the  average  s t r e s s  req u ire d  to move 
m obile d islocations), t , with in c re a s in g  carbon content in  iro n .
If th is  in c re a se  is  taken  to  ind icate  g re a te r  difficulty in  d islocation  
m ovem ent, then th is  may a r is e  because of (1) high P e ie r ls -N a b a r -  
ro  fo rce , (2) locking by solute a tom s, (3) s tra in  field  of o ther d is ­
locations, and (4) a d islocation  having to cut through o r go round
the p a r tic le s . The p rinc ipa l req u irem en t, fo r the P e ie r ls -N a b a r -
■/fero  fo rce  to be ^ c o n tro ll in g  one, is  tha t activation  volum e m ust be 
independent of s tru c tu re  (i. e. s tra in , in te rs t i t ia ls ,  p rec ip ita te s , 
e t c . ). It has been shown in  Section 5. 3. 3, how ever, th a t the  a c tiv a ­
tion volum e, in  the p re sen t investigation , v a rie s  with p a r tic le  con­
cen tra tio n  and, in  som e c a se s , with s tra in  as w ell. Hence H&n in ­
c re a s e  in  tq cannot uniquely be accounted fo r b y j te ie r l s  -N ab arro
'tiutfo rce . It is  thought that the effect ofjjparticles and^aislocation su b ­
s tru c tu re s  produced due to  th e ir  p resen c e  (during deform ation), on 
d islocation  m ovem ent may be resp o n sib le  fo r th is  m arked  in c re a se
in t  that is  obtained in  the p resen t work, o *
The effect of im p u ritie s  (solutes) on the F e tch  slope, k, has
124)been shown by Codd and P e tch  ' and th is  has been a ttrib u ted  to
the pinning effect of the im p u ritie s  on the F ran k -R ead  so u rc e s .
B ased on a therm odynam ical analy sis  of the effect of im p u rity  on
125)the P e tch  slope, Ei 7 has concluded that the in c re a se  m ay be . 
caused  by the in c re ased  grain  boundary ledge s tru c tu re  and in ­
c re a sed  d islocation  sou rce  density  (because both of th ese  fa c to rs
a re  thought to in c re a se  the in itia l flow s t r e s s .  An in c re a se  in 
d islocation  sou rce  density  in  d isp e rsio n -h ard en ed  s tru c tu re  is  
conceivable since  p a rtic le s  have been shown to ac t as effective 
so u rces  140)^ «phis in c re a se  in d islocation  density  and sou rce  
density  ( i .e . p a rtic le s  as w ell a s  subboundaries m ay perh ap s 
be resp o n sib le  fo r the in c re a se  in  the P e tch  slope. It m ust be 
em phasized , however, tha t the in te rp re ta tio n  of the  F e tch  slope is  
s t i l l  u n certa in  even in  re la tiv e ly  pure  m a te ria ls . In d isp e rs io n - 
-hardened  m a te r ia l it  becom es even m ore difficult to pin point the 
causes of th is  effect in  explicit te rm s ; p a rtic u la rly  because  of 
com plexities and u n ce rta in tie s  involved in  de te rm in ing  the p re c ise  
and unique ro le  of p a r tic le s , subboundaries, and g ra in  boundaries 
on the flow s t r e s s .
It is  w ell estab lished  by now that in  annealed d isp e rs io n -h a rd ­
ened m a te r ia ls , the subgra ins a re  m ore  stab le  and num erous than
125)in the m atrix . As suggested by Li , th ese  subgra ins m ay con­
tro l  the P etch  slope. In th is  case , the P e tch  slope evaluated  from  
the grain  size , may be too high.
5. 3 .1 . 5. Room T em p era tu re  D uctility
The re s u lts  p resen ted  in  F ig . 20 show that the  room  te m p e ra ­
tu re  ductility  of the co ld -ro lled  a lloys d e c re a se s  with in c re a s in g  
p a rtic le  concentration , with v e ry  l it t le  dependence on production  
h isto ry . In general, the data fa ll ; w ithin a sc a tte r  band of * 2% 
desp ite  the u se  of two d ifferen t s in te rin g  te m p e ra tu re s  and two d if­
fe ren t am ounts of final co ld -ro lling .
F ig . 28 shows the v a ria tio n  of room  te m p e ra tu re  ductility  with 
oxide content of the extruded, and extruded and annealed a lloys. 
Like in  the case  of co ld -ro lled  a lloys, the  ductility  d e c re a se s  with 
in c reas in g  oxide content and th e re  is  no m arked  d ifference  in  the 
ductility  of iro n -a lu m in a  alloys from  that of iro n -z irc o n ia  alloys.
T hese re su lts  a re  in  genera l ag reem en t with the re s u lts  ob­
ta ined  by a num ber of w orkers on copper d isp e rs io n  alloys. E d e l-  
son and B a l d w i n h a v e  m ade a combine^plot of ductility  of s e v ­
e ra l  copper d isp e rs io n  a lloys v s. volum e frac tio n  and th is  c le a r ly  
dem onstra tes that ductility  d e c re a se s  with in c re a s in g  volum e f r a c ­
tion  of d ispersion .
The com parison  of ductility  data with correspond ing  ten s ile  
s tren g th  data rev e a ls  a c le a r  trend : the  s tro n g e r alloys a re , in  
genera l, le s s  ductile. T his is  in  line with the c la ss ic  in te rp re ta -
which s ta te s  that a m etal can respond  to an applied load by e ith e r 
y ielding or frac tu rin g , and the observed  fra c tu re  s t r e s s  o r d u c til­
ity  re f le c ts  a com petition betw een th ese  two p ro c e sse s . An adap ta ­
tion  of the hypothesis im p lies qualitatively  tha t h igher stren g th  
m a te ria ls  a re  le s s  ductile because yielding is  d ifficult.
It is  of in te re s t  to note that the p re sen t re s u lts  a re , in  gen­
e ra l, s im ila r  to those rep o rte d  in the l ite ra tu re  (see Table 14), 
with the exception of the room  tem p era tu re  p ro p e r tie s , fo r which 
the ten s ile  s treng th  of the p resen t alloys appears to  be le s s  than
what has been rep o rted .
5. 3. 2. Fundam entals of Y ielding and P la s tic  Flow
5. 3. 2 .1 . The Y ield S tre ss
To te s t  the d isp e rsio n -h ard en in g  th eo rie s , the y ield  s t r e s s  
data m ust be obtained on s tru c tu re s  tha t has not p rev iously  been 
subjected  to a working p ro c e ss . To sa tis fy  th is  req u ire m e n t, a ll 
the data used  in th is section  w ere obtained a t room  te m p e ra tu re  on 
the specim ens (both from  the co ld -ro lled  sheets and extruded  b a rs )  
that w ere annealed at 600°C fo r two hours.
In o rd e r to te s t  the Orowan m odel fo r the y ie ld  s t r e s s  of a 
m etal containing hard  non-coheren t p a rtic le s  the flow s t r e s s  at 
0. 04 s tra in  and the UTS values a re  plotted against
in F ig . 49. The values of R and r  w ere  obtained from  e x p e ri-s ~s
m ental data fo r r  and using  r  = V 2f  3 r  , and 2R = r  /2  V71 j f 05} v s v s s v
due to Ashby " T hese values fo r va rio u s alloys a re  quoted in  
Table 17.
The sc a tte r  of the data in  F ig . 49 is  such that no lin e a r  r e l a ­
tionship  betw een the flow s t r e s s  and
tion  of fra c tu re  known as the Ludwick-Davidenkov hypothesis
can be justified . The cr^  ^  as w ell as UTS values in c re a se  ra p id ­
ly with in c re as in g
up to f = 5. 0 fo r alum ina and f = 3. 37 fo r z irco n ia  and then m a rk -  
kedly slow s down. The figure  49 a lso  shov/s the d ifference  in  the 
deg ree  of streng thening  betw een alum ina and z irco n ia  containing 
alloys. T hese re s u lts  may, th e re fo re , be taken to suggest that up 
to a c e rta in  lim it of oxide content O row an's c rite r io n  m ay be 
obeyed. Beyond th is  com position range  the m orphology and p a rtic le  
d is trib u tio n  is  m uch d ifferen t from  that described  by O row an's 
c rite r io n . F o r  exam ple, if in  p ra c tic e  the p a rtic le  d is trib u tio n  is  
non-random  and in  c lu s te r  fo rm , then the d islocation  can b y -p ass  
the w ide ly -separa ted  p a rtic le s  a t much low er s t r e s s  leve l than  ex ­
pected from  the average  p a rtic le  sep ara tio n  (which w ill alw ays be 
sm a lle r  than the maximum) based  on the random  d is trib u tio n .
E xperim en ta l evidence, F ig . 37, shows th a t beyond 5 vol. % 
oxide the m atrix  g rain  boundaries a re  sa tu ra ted  with the  p a r tic le s  
which during sin te ring  agg lom erate  and becom e ro d -shaped . A 
la rg e  p roportion  of these  a re  broken down and dislodged from  th e ir  
o rig ina l s ite s  and fo rced  into the m atrix  g ra in s . T his gives r i s e  to 
n o n -sp h e rica l p a rtic le s  that a re  c lu s te red  on the g ra in  boundaries 
as w ell as in  the g ra ins. Both of th ese  fac to rs  can lead  to  easy  and 
e a rly  void fo rm ation  at the p a rtic le s  situa ted  at the g ra in  boundaries 
and coalescence of these  voids can give r i s e  to m ic ro c ra ck s . The 
growth of these  c rack s m ay be preven ted  by p las tic  defo rm ation  at 
the tip  of the c rack s .
That these  re s u lts  do not fully support O row an's theo ry  is  not 
su rp ris in g , p a rticu la rly  in  view of the fac t that the d isp e rse d  a g ­
g lom erates fra c tu re ; in the extruded alloys even alum ina p a r tic le s  
a re  found frac tu red , although le s s  com m only than z irco n ia  ones. 
Since the sm a lle r  p a rtic le  s ize  (final), b e tte r  d is trib u tio n  and a l ­
m ost sp h e rica l shape, fo r the low er volum e frac tio n  a lloys the  r e ­
su lts  a re  not very  d ifferent from  ^that req u ire d  by O row an's c r i ­
te rio n .
Thus the difference between iron-alum ina and iro n -z ir co n ia  
a llo y s, once again, s e em s  to be due to th eir  d ifferent p artic le
morphology* The d ifference in sh ear modulus of the p a rtic le  and
the m atrix  may a lso  con tribu te  to th is d ifference . In the c ase  of
iro n -a lu m in a  alloys w here y Gm (see Table 18) the flow s t r e s s
m ay not be significantly  influenced because of the rep u ls iv e  fo rce
exerted  by the p a rtic le  on a d islocation . In the iro n -z irc o n ia  a llo y s ,
how ever, w here G (  G (see T able 18), the d islocation  is  a t-p N m ' ■
tra c te d  in to  the in te rface  and th is  can have a sign ifican t influence
95)on the flow s t r e s s  T his d ifference becom es even m ore  ap.- 
p a ren t when the flow s t r e s s  data<fc#2.plotted against reciprocals'^  
of the d isp e rsio n  spacing (see F ig . 50) which shows a m arked  d if­
fe ren ce  in slope betw een iro n /a lu m in a  and iro n /z irc o n ia  a lloys.
The sam e flow stress* data  have a lso  been plotted , in  F ig . 51,
1 / 3 1 f°against {f ' ° / ( 0. 82-f ' u)} in  o rd e r to exam ine the c o rre la tio n  b e ­
tween th ese  data and A nsell and L en e l’s theo ry  of d isp e rs io n  
hardening.. In th is  case , a lin e a r  re la tionsh ip  betw een the  flow
s tr e s s  and the p a ra m e te r  { f^ ^ / (0 .  82-f*"/^)} is  obtained. The
4 2average  slope of the line draw n in F ig . 51 is  2. 7 x 10 lb s / in  ,
about an o rd e r of m agnitude sm a lle r  than p red ic ted  by the  th eo ry
5 2 6(which is  3 .74  x 10 lb s / in  taking G’ = 45 x 10 p s i fo r a lu m i­
na and C = 30). T his d ifference in the slope value m ay easily  
a r is e  from  the fac t that C =30 is  a v e ry  approxim ate value. Since 
the m agnitude of C is  a function of p a rtic le  s tren g th , im p erfec tio n  
content, c ry s ta l  s tru c tu re  and com position it is  r a th e r  d ifficu lt to
p red ic t accu ra te ly  as to which p a r tic u la r  fac to r w ill reduce  i ts
188)value. However, i t  has been shown ' that the e la s tic  m odulus 
and s tren g th  of s in te red  o r hot p re s se d  oxides d e c re a se s  exponen­
tia lly  with in c reas in g  p o rosity . It is  a lso  known that the deg ree  of 
densification  tha t can be obtained by s in te rin g  up to  1350°C is  f a i r ­
ly l o w * ^ .  T h ere fo re  it  is  quite possib le  that the p a rtic le  agg lom ­
e ra te s  may contain som e po res and a re  loosely-bound weak ob­
s ta c le s  leading to h igher C values. T his effect w ill then p red ic t a 
sm a lle r  slope than  expected fo r a system  containing p a r tic le s  of 
id ea l streng th . Thus i t  appears that the p re sen t data  support the 
A nsell and Lenel theory .
The ex trapo lated  value of the flow s t r e s s  in  F ig . 51 fo r u n d is ­
p e rsed  iro n  (i. e. f = 0) is  in  a ve ry  good agreem ent with ac tual 
data . All these  tend to suggest tha t f ra c tu re  of d isp e rsed  p a r tic le s , 
if  they a re  la rg e  and weak, is  quite possib le  and th is  p red ic tio n  is
in  quite a good agreem ent with our observation .
The cube roo t re la tionsh ip  (based on the vo lum etric  d e s c r ip ­
tion of the p a rtic le  d istribution) considered  above suggests the 
1/3f ‘ dependence of the y ield  s tren g th . When the g eo m etrica l d is ­
trib u tio n  is  d escrib ed  in te rm s  of the  p lanar m odel, as fo rm ula ted
by Kelly and N icholson, the y ield  s tren g th  should a lso  be a function 
1 / 2of f ' . F ig . 52 shows that the y ield  s tren g th  data  that w ere  found 
1 / 3to ag ree  with f ' dependence a re  a lso  in  equally good ag reem en t 
1 / 2with f ' . T hese p a ra m e te rs  a re  quoted in  Table 17.
5. 3. 2. 2. The Yield Point Phenom ena
127)The p resen t resu lts , like those of F e lb e rb a u e r et a l. , in ­
d ica te  a c le a r  dependence of both the y ield  drop and L u d e r’s s tr a in  
on the amount as well as kind of d isp e rs io n s  in  iro n ; the  carbon
content being the sam e in a ll the c a se s . Since p a rtic le s  a re  known
139-140)to produce d islocations ' and the m agnitude of the y ie ld
drop provides an in d ire c t m easu re  of the effectiveness of d is lo ca - 
124)tion  so u rces , the d ecreasin g  y ield  drops can be taken to im ­
ply in c re as in g  num ber of active d islocation  so u rces . Hence, the 
dependence of the yield  drop on the volum e frac tio n  of oxide p a r ­
tic le s  in  iro n  is  reasonab le . S im ila r r e s u lts  have a lso  been ob- 
134-135)tained  ' in  the case  of Fe-3%  Si, w here g ra in  boundaries
X 3 6 138)a re  p re fe rre d  d islocation  so u rces  ” which genera lly  d is ­
plays a much sm a lle r  y ield  drop than unalloyed iro n  w here y ie ld -
137)ing tends to nucleate  at inclusions .
The fact that the observed  y ield  d rop’in  iro n -z irc o n ia  alloys 
is  h igher than iro n -a lu m in a  alloys m ay be an ind ication  of g re a te r  
d islocation  m ultip lication  in  iro n -z irc o n ia  alloys. T his m ay a r is e  
due to m orphological d ifference  (d iscussed  in Section 5. 3 .1 .3 )  b e ­
tween the two kinds of p a rtic le s  tha t a re  observed . Although an 
exact analysis of p a rtic le  shape on d islocation  m ultip lication  is  
not ye t availab le, it  may be conceived that h igher s t r e s s  concen­
tra tio n  at roughly tr ia n g u la r p a rtic le s  can m ake g re a te r  m u ltip li­
cation possib le .
The p resen t re s u lts  a re  a lso  consisten t with Hahn’s p ro p o sa l 
that the d islocation  velocity  exponent, m * , should d e sc rib e  the 
y ield drop behaviour. (The p a ra m e te r  ’m* ’ is  d iscu ssed , in  d e ­
ta il, in  Section 5. 3. 3, 2). The observation  that the y ie ld  drop d e ­
c re a s e s  with in c reas in g  m* values ( i .e . in c re as in g  p a rtic le  con ­
cen tra tio n  (see F ig . 26)) is  in  line with Hahn’s p red ic tio n . Since 
m* in c re a se s  with in c reas in g  amount of p a rtic le s  that act as ob­
sta c le s  to  m oving d isloca tions, th is  would im ply that the d is lo c a ­
tion  velocity  should be an average  of the speed through the m a trix  
and the slow er ra te  as the d islocation  bowed out past the p a r tic le s . 
Thus fo r a given applied s t r e s s ,  t , the average velocity , v, should 
d e c rea se  as the  num ber of d isp e rsed  p a rtic le s  in c re a s e s .
Yet another fac t that rem a in s  to be explained is  the d e c re a se  in  
the L u d e r 's  s tra in  with p a rtic le  concen tra tion . It is  generally  con ­
ceived that due to he te rogene ities in  m a te ria l, a loca l v a ria tio n  in 
the average  density  of unlocked d islocations occu rs. Due to  th is  
and by v irtu e  of d islocation  m ultip lication  beyond low er y ie ld  s t r e s s  
an em bryonic L u d e r 's  band yield ing  m o re  rap id ly  than the u n ­
yielded m atrix  is  form ed. The growth of the  band, i, e . , advance 
of the  band fron t, and the ab ility  of m a te r ia l to y ield  is  dependent 
on the deg ree  of deform ation  of the  m a te ria l im m edia te ly  adjacent 
to the band. T h is, in tu rn , m eans that the g re a te r  the num ber and 
velocity  of the d islocations in jec ted  out of the band, fa s te r  should 
be band-fron t velocity . H a h n "^ ^  has shown that the band -fron t 
velocity  is  de term ined  by the velocity  with which in jected  d is lo c a ­
tions move. He has a lso  shown that the  s t r e s s  dependence of L u d e r 's  
band-fron t velocity , on the one hand, and d islocation  velocity  and 
s tra in  ra te , on the o ther, a re  very  s im ila r , T his would im ply  th a t
■K*as m in c re a se s  the band-fron t velocity  should d e c rea se . Hence 
it  is  to be expected tha t in c reas in g  the p a rtic le  content w ill lead  to 
a v a ria tio n  in the d islocation  and band-fron t ve loc ities such  th a t a 
sm a lle r  L u d e r 's  s tra in  w ill re su lt. E xam ination of the  cu rv es 
shown in  F ig . 26 shows that th is  does indeed occur. Hence, the 
p re sen t data a re  consisten t with Hahn's m odel.
A tra n s itio n  from  discontinuous to continuous type of y ield ing , 
accord ing  to Hahn’s m odel, re q u ire s  a rap id  deform ation  of m a ­
te r ia l  outside the growing L u d e r 's  band (than inside it). T his may 
re s u lt  if the d islocation  velocity  is  h igher in the  one y ield ing  con­
tinuously . In the p resen t investigation , som e of the iro n -z irc o n ia  
a lloys show continuous type w hereas a ll  of the iro n -a lu m in a  a l ­
loys exhibit discontinuous type of yielding. This, once again, in d i­
cate  a h igher d islocation  velocity  in  iro n -z irc o n ia  a lloys than in
iro n -a lu m in a  alloys. T h is is  fu r th e r  supported  by the r e s u l ts  d is ­
cussed  in  Section 5. 3. 3. 2 which shows that m* values fo r iro n -  
- z ircon ia  alloys a re  low er than that fo r co rrespond ing  iro n -a lu m in a  
a lloys. This a lso  points out to a h igher d islocation  velocity  in  iro n -  
-z irc o n ia  alloys and supports the explanation fo r the continuous 
yielding.
5. 3. 2. 3. W ork H ardening
The p a ra m e te rs  tha t a re  re lev an t to and should be included in  
the  d iscussion  of the w ork-harden ing  c h a ra c te r is tic s  of d isp e rs io n - 
-hardened  alloys a re  volum e frac tio n , in te rp a r tic le  d istance  and 
size  of the p a rtic le s . A qualitative e s tim ate  of the  influence that 
the p a rtic le  m orphology may induce w ill a lso  be m ade.
The tru e  s t r e s s - s t r a in  cu rves of F ig . 53 give a genera l p ic tu re  
of the varia tio n  of the ra te  of w ork hardening of the specim ens 
te s te d  a t room  tem p era tu re . The ra te  of work hardening  (do-/d£) 
calcu lated  from  these  cu rves a re  given in  T able 19. The w ork 
hardening ra te s  found fo r pure  iro n  (16. 03 and 15.40 k g /cm  ) a re  
in very  good agreem ent with value of 15. 0 kg /cm  quoted by Key 
and W cissm an
F ro m  the cu rves of F ig . 53 and from  Table 19 i t  is  quite c le a r  
tha t dor/d€ in c re a se s  with in c re as in g  volum e frac tio n  of d isp e rsed  
p a rtic le s , the in c re a se  being noticeably  g re a te r  in  the  case  of 
iro n -a lu m in a  than in iro n -z irc o n ia  a lloys. The tru e  s t r e s s - s t r a in  
cu rves (see F ig . 53) a lso  d em o n stra te  that th is  d ifference  becom es 
g re a te r  with in c reas in g  p las tic  s tra in .
The v a ria tio n  of w ork-harden ing  ra te , dcr/d£, fo r the  f i r s t
0. 01 s tra in  a fte r  in itia l yielding, with oxide content (both alum ina 
and zirconia) is  shown in  F ig . 54. The in c re a se  in  the w o rk -h a rd ­
ening ra te  as the amount of oxide p a rtic le s  is  in c re a se d  is  in  a c ­
cordance with the re s u lts  recen tly  obtained by E beling and Ashby 
A sharp  d e c rea se  in  dcr/d€ values beyond about 5 vol. % oxide is  
r a th e r  a sp ec ia l case  and w ill be dealt with la te r  on.
The cu rves of F ig . 54 re fe r  to those specim ens which w ere  
te s te d  in  the annealed condition (after e ith e r ex tru sion  o r fo rg ing  
and co ld -ro lling ), R eference to the  d isp e rs io n  data given in  T able  19 
showrs that, in  general, the w ork-harden ing  ra te  in c re a s e s  a s  the 
p a rtic le  s ize  d e c re a se s , fo r a given volum e frac tio n  of d isp e rso id
(eq. 23). T h is is  qualitatively  consisten t with the th eo rie s  of d is -
101) 95)p e rs io n  hardening  put fo rw ard  by F is h e r  et al. ’ and by Ashby
The data can th e re fo re  be used  to a s se s s  the quantitative ap p lica ­
tion of these  th eo rie s  to the p resen t d isp e rs io n  sy s tem s.
The F is h e r , H art and P ry  theory  p re d ic ts  a l in e a r  re la tio n ­
ship betw een the m axim um  flow s t r e s s  increm en t ( t* ), at a given
3/2s tra in  value, and the d isp e rs io n  p a ra m e te r  f • / r  (where f is  the 
volum e frac tio n  and r  is  the m ean p a rtic le  rad iu s). The values of 
these  p a ra m e te rs , fo r the p re sen t specim ens, a re  quoted in  
T able 20 and plotted in  F ig . 55 against t ^ ,  from  which it  is  a p ­
p a ren t that no single s tra ig h t line can be draw n so a s  to  pass  
through the orig in  and the experim ental points covering  the  whole 
range  of d isp e rs io n s  studied. In the case  of the alum ina containing 
alloys two lin ea r re la tio n sh ip s m ay ex is t with a change' of slope at 
a value of f = 4. 98; and, in the case  of the  z irco n ia  containing a l ­
loys it is  n e c e ssa ry  to invoke two changes of slope (at f = 0. 675 
and 3.375 respec tive ly ) in  o rd e r to a sc r ib e  lin e a rity  to the cu rv es .
In general, the slopes of these  cu rves a re  much h igher than  would 
be expected from  the F . H. P . theo ry  and, in  p a rtic u la r , the  change 
of slope would ind icate  a dependence of N (the num ber of d is lo c a ­
tion loops about each p a rtic le  which cuts the  glide plane) on f (the 
volum e frac tio n  of the p a rtic le s)  and r  ( the average  p lan a r p a rtic le  
rad iu s). T hese slope values would suggest a num ber of opera tive  
d islocation  loops which is  fa r  in  excess of that which the th e o re tic a l 
sh e a r  stren g th  of the m a te r ia l can support .
A shby’s theory  re la te s  the flow s t r e s s  in crem en t ( t ^) to  the 
d isp e rs io n  p a ra m e te r  V”f /2 r  by m eans of equation (26b). The a p ­
p ro p ria te  experim en tal values a re  quoted in  T ab les 21 and 22 and 
p lotted  in  F ig . 56, from  which it  can be seen  that a ll the  points fa ll 
w ithin a fa ir ly  narrow  sc a tte r  band having an av erag e  slope of 0. 5.
The average  slope of the in itia l po rtion  of the  cu rve  (i. e . , fo r the
sm a lle r  values of r  ) fo r iro n /a lu m in a  alloys in  Fig* 55 is  found 
-1  Sto be 14. 7 kg cm  . By equating th is  to the th e o re tic a l slope value
cNG.b, as given by equation 23, and taking c = 3, G-™ = 8 .47  kg /
2 -8  ^ cm  , b = 2. 5 x 10” cm , the value of N is  found to be 166. Now,
substitu ting  th is  value of N = 166, and r  = 0.16 (which is  an  ex-s
pe rim en ta l value fo r iro n /4 . 98 vol. % alum ina alloys) in  t c =
N G b /r  , t is  found to be G /3 .9 . s c
It is  th e re fo re  to be concluded that A shby’s m odel, which is  
based  on the operation  of secondary  slip , gives a b e tte r  d e s c r ip ­
tion  of work hardening  in the p resen t d isp e rsio n  sy stem s than  
does that of F is h e r , H art and P ry , which is  based  on the o p e ra ­
tion  of a single s lip  sy stem . The slope of the "m ean cu rve" in 
F ig . 56 is  sligh tly  g re a te r  than that p red ic ted  by Ashby (an ex ­
p e rim en ta l value of 0. 5 as com pared  to a m axim um  p red ic ted  
value of 0. 4). T his may be a consequence of the effect of g ra in  
boundaries a n d /o r  the  n o n -sp h e rica l shape of the p a r tic le s . Both 
of these  fac to rs  a re  unaccounted for in  A shby’s theo ry  and a re  
capable of modifying the group behaviour of d isloca tions, e sp e c i­
ally  when som e of the p a rtic le s  a re  c lu s te red  on the g ra in  bound­
a r ie s  (as i s  the case  in  the p re sen t w ork). In p a rtic u la r  non- 
-sp h e r ic a l p a rtic le s  may in c re a se  the fr ic tio n  effects a t the  p a r ­
t ic le /m a tr ix  in te rface  and lead  to le s s  extensive flow in  the m a ­
tr ix .
It is  in te re s tin g  to note, how ever, tha t although both alum ina 
and z irco n ia  containing alloys fo rm  a v e ry  s im ila r  p ic tu re  and 
b roadly  support the sam e m odel, yet th e re  is  a consisten t and 
noticeable d ifference in  work hardening  behaviour of th ese  a lloys. 
The d ifference is  exem plified by F ig s . 53 (a, b) and 53(c), and 
Table 19. F ro m  Table 19 it  is  quite c le a r  tha t although the  w ork - 
-harden ing  ra te  in c re a se s  with in c reas in g  oxide content but is  le s s  
in iro n -z irc o n ia  alloys than that in  the case  of iro n -a lu m in a  a lloys 
(except at f ^ 1 .35). T his d ifference becom es much la rg e r  in  the 
forged and co ld -ro lled  alloys than extruded ones. S im ila r o b se rv a ­
tions can be m ade in the r e s u lts  of F ig s . 56 and 55 w here  Tj1/ E m 
and values in  F ig s . 56 and 55 resp ec tiv e ly  a re  genera lly  (ex­
cept fo r a lloys having f ^ 1. 35) low er than that fo r iro n -a lu m in a  
alloys.
T his low er ra te  and sm a lle r  extent of the  w ork harden ing  ob­
tained  in  the iro n -z irc o n ia  alloys seem  to o rig inate  from  the low er 
e la s tic  m odulus and ten s ile  s tren g th  of the  z irco n ia  agg lom era tes 
which allow them  to  fra c tu re  a t m uch low er s t r e s s  lev e l than  idea lly  
they should. Another consequence of th is effect is  that it  y ie ld s  a 
la rg e  num ber of a lm ost tr ia n g u la r  fragm en ts (with v e ry  sh a rp  c o r ­
n e rs) in  the s tru c tu re . This can affect the work harden ing  in  the 
following way: According to the  w ork-harden ing  th eo rie s  of F .  H. P .
and Ashby it  is  quite evident th a t the  back s t r e s s  at the partic les., 
due to p rim a ry , a n d /o r  secondary  d islocation  loops around them , 
w ill be considerab le . In o rd e r that a high work hardening  is  
achieved, th e re fo re , a high r a te  of secondary  loop generation  m ust 
be m aintained and thus the p a rtic le s  m ust be s trong  enough to r e s i s t  
th e ir  own deform ation  o r /an d  fra c tu re  under th is  kind of se v e re  
s t r e s s  condition. If, on the o ther hand, e ith e r the in h e ren t w eak­
n ess and b r ittle n e ss  of the p a rtic le s /o n  the tr ia x ia l  s ta te  of s t r e s s  
in the  m atrix  allows the s to red  s tra in  energy at the p a r tic le s  to be 
re liev ed  by cavity  fo rm ation  (within the p a rtic le s)  then the num ber 
of loops produced during a given increm en t of s tra in  is  a lm ost 
halved and thus the ra te  of w ork hardening  is  low ered  by 1 /^ 2 .  A 
s im ila r  drop in  the w ork-harden ing  ra te  may a lso  a r is e  due to 
f ra c tu re  of the p a rtic le s  them se lves and the subsequent grow th of 
cav ities at the fra c tu re .
5. 3. 3. T herm ally  A ctivated D eform ation
5. 3. 3 .1 . V aria tion  of A t  and v with D isp ersio n  P a ra m e te rs
The s t r e s s  in crem en t A t  due to a change in  s tra in  ra te  at 
295°K for v a rious extruded alloys has been plotted  against ten s ile  
tru e  s tra in  in F ig . 32(a and b). A s im ila r  plot has a lso  been m ade 
fo r the forged and co ld -ro lled  m a te r ia ls  in  F ig . 32(c).
F ro m  F ig s . 32(a and b) and (c) the following g en era l p ic tu re s  
em erge:
(i) F o r  und ispersed  iro n  specim ens, At  rem a in s  a lm o st 
constant with in c reas in g  s tra in ,
(ii) In the case  of iro n  containing alum ina and z irco n ia  up 
to f = 1. 99 o r 1, 35 resp ec tiv e ly , A t  is  h igher than in  
the und ispersed  iro n  but rem a in s  constant with s tra in .
(iii) At s t i l l  h igher volume frac tio n s  (f) of alum ina and 
z ircon ia , At  in c re a se s  with in c re a s in g  f and a lso  
with in c reas in g  s tra in . In the case  of 1. 35 and 3. 37 
vol. % z irco n ia  containing alloys At  in c re a se  with 
s tra in  at f i r s t  and then  d e c rea se  at h igher s tra in s .
( i v )  The amount of At  in c re a se  with s tra in  in c re a se s  
with in c re as in g  oxide content; being h igher in  the 
case  of z ircon ia  containing a lloys than alum ina 
(for s im ila r  oxide content).
The data  availab le  in  the l i te ra tu re  on the v a ria tio n  of At 
with s tra in  (or s tre s s )  in  single a n d /o r  po lycry sta lline  ironftsfe-of 
such v a ried  c h a ra c te r  that no unam bigous and singu larly  p re c ise  
conclusion reg a rd in g  the contro lling  m echanism  can be drawn.. The 
p re sen t data on und ispersed  iro n  a re , how ever, in  ag reem en t with 
those rep o rte d  by M i c h a l a k Qn po lycry sta lline  iro n . T his a g re e ­
m ent ind ica tes the consistency  of the experim en ta l technique used .
149)The re s u lts  of M ordike and H aasen ' on a - iro n  sing le  c ry s ta l  ob­
tained  at 295°K a re  a lso  in ag reem en t with the p re sen t r e s u l ts .
Since the value of At rep resen ts  the sen sitiv ity  of d islocation
163)velocity  to s t r e s s  with a function of s tra in  , a constan t value of 
At as a function of s tra in  (or s tre s s )  seem s to  suggest a sm a ll 
num ber of m obile d islocation . The num ber of m obile d is loca tion  
may be expected to in c re a se  with in c re a s in g  s tra in . How ever, 
C h r i s t i a n h a s  p resen ted  evidence tha t th is  change is  sm a ll.
This may happen due to the  easy  m ultip lication  at room  te m p e ra tu re  
by the double c ro s s - s l ip  m echanism . T h is p ro ce ss  may thus offset the 
tm m obiliza tion  of d islocations by tangling and ce ll fo rm ation . T his 
s tru c tu ra l  dependence of At is  strong ly  re flec ted  in  the  specim ens 
containing d isp e rs io n  of alum ina o r z irco n ia  p a rtic le s .
In the specim ens containing la rg e  volum e frac tio n  of p a rtic le s  
( ^ 2. 0 vol. %) a lin e a r in c re a se  in At with in c re as in g  s tr a in  is  
found; the slope (At /£ ) in c re a se s  with in c reas in g  volum e frac tio n  
of the p a rtic le s . T hese re s u lts  a re  in  good agreem ent with the  r e ­
su lts  of Ashby on copper containing S i0 9 p a r tic le s . Belov/ room
149)tem p era tu re  M ordike and H aasen ' a lso  observed  an in c re a se  in  At
with in c reas in g  s t r e s s  in  an a - iro n  single c ry s ta l. The suggestion ,
149)based  on im purity  hypothesis ' th a t in c reas in g  At with in c r e a s ­
ing s tr e s s  (or s tra in ) may re s u lt  due to  d islocations cu tting  th rough  
the p a rtic le  and thus in c reas in g  the num ber of Msu rm oun tab len ob­
s tac les  is  a ttrac tiv e . T his im p lies that due to the cutting p ro c e ss , 
the effective d istance  betv/een the obstac les is  reduced  and th e r e ­
fo re  d islocations w ill m eet m ore  obstac les on bowing out. However,
145)from  B asinski and C h ris tia n 's  data  1, a change of about a fac to r 
of 10 or m ore is  indicated  at high s t r e s s  lev e ls  and it is  not quite 
c le a r  how the effective spacing betw een obstac les could change by 
such a la rg e  fac to r.
In the p resen t case , the f ra c tu re  of p a rtic le s  JS observed  in
those  specim ens that exhibit an in c re a se  in  At with in c re as in g  
s tra in . But as it has been m entioned in  Section 5 .2 . 2, the  f ra c tu re  
of alum ina p a rtic le s  observed  is  not as extensive as the in c re a se  
in At v/ould req u ire . T h ere fo re  it would appear tha t th e re  a re  
som e o ther s tru c tu ra l obstac les capable of h indering d isloca tion  
m otion and reducing  th e ir  segm ent length pinned between o b stac les . 
T hese  obstac les o ther than p a rtic le s  them selves m ay a r is e  from  
the s tru c tu ra l changes (i. e . , the d islocation  d istribu tion  and the 
m ob ile-d islocation  density) that m ust take place as defo rm ation  
p roceeds. It is  tru e  that at any in stan t of tim e  when the s t r a in - r a te  
change takes place the d islocation  density  should not change (be­
cause the change (s tra in  ra te ) is  m ade quickly). However, during  
the co u rse  of the te s t, the d islocation  density  and th e ir  d is trib u tio n  
changes p ro g ress iv e ly  with in c reas in g  s tra in . T here fo re ,, th e  r e ­
sponse of the s t r a in - ra te  change at any s tra in  will re f le c t, in  At 
value, the p roperty  of the s tru c tu re  that ex is ts  at tha t p a r tic u la r  
s tra in . The fact that the At values at a  given s tra in  in c re a s e s  with 
in c reas in g  volum e frac tio n  of the  p a rtic le s  lends support to  th is  
argum ent. Due to the lack  of d irec t evidence, how ever, i t  is  d iffi­
cult to fo re c a s t accu ra te ly  about the  p re c ise  n a tu re  of th ese  ob­
s tac le s .
The h igher slope values At /£ and At a t a given s tra in  in  
z ircon ia  containing alloys than in  alum ina containing ones tend to 
suggest tha t the shearing  of the  p a rtic le s  does con tribu te  if not con­
tro l  the in c re a se  in At . T his co rre sp o n d s with the evidence tha t a 
substan tia l p roportion  of z irco n ia  p a rtic le s  a re  frac tu red .
The re s u lts  obtained on specim ens that w ere p rep a red  by ho t- 
-fo rg ing  and co ld -ro llin g  in  which no p a rtic le  f ra c tu re  is  observed  
do not exhibit an in c reas in g  At with s tra in  (Fig. 32(c)). T h is  m ay 
be taken to support the explanation outlined above. However, i t  is  
d ifficult to ra tio n a lize  the decreasing_trend of At with s tra in  in  
these  specim ens.
A nother structural variab le the influence of which on At is  
unknown and cannot be iso la ted  is  the grain s iz e .
The activation  volume (obtained from  the  ex p ress io n  v = 
kT(Aln ^/At ) ^ )  is  plotted against re c ip ro c a l of the Mfre e  spacingn 
(planar), 2(R - r  )”*, in F ig . 57, and against the f* /^  in  F ig . 58. 
All these  values have been com puted fo r a given s tra in  (true  ten sile )
of 0 .15 . F ro m  these  i t  can be seen  tha t as the " free  spacing” b e ­
tween the d isp e rsed  p a rtic le s  is  reduced  (i. e. d islocation  segm ent 
length availab le  fo r activation  becom es sm a lle r) , the ac tiva tion  
volum e d e c re a se s . The d ifference in  the m agnitude of v* for the 
specim ens te s te d  in  as hot-w orked (i. e, extruded) condition and in 
hot-w orked and annealed specim ens, once again, tends to e m ­
phasize  the influence of the s tru c tu ra l  p a ra m e te rs  on v* .
It should a lso  be noted that in  the case  of z ircon ia  containing 
alloys (beyond f = 1.35) the activation  volum e is alw ays h igher 
than  the alum ina containing a lloys, fo r s im ila r  nfre e  spacing” 
values.
The d istance betw een obstacles (assum ing that d isloca tions
in  a - iro n  a re  not extended), 1, can be obtained from  the e x p e ri-
m ental v* values from  the ex p ress io n  v * = b 1 w here b is  the
*  3B u rg e r’s v ec to r. F o r  un d isp ersed  iro n  v '= 233 b , which y ie lds 
o1 = 582 A , ag rees  w ell with the  values obtained by M ordike and 
Haasen (1 = 500 A°) and F is h e r  (1 = 612 A°). F o r  the specim ens 
containing d isp ersio n , how ever, th ese  d istances a re  m uch sm a lle r  
than th e ir  " free  spacing". This would im ply that th e re  m ust be 
som e other obstacles to  m ake the effective segm ent length  sm a lle r  
than what could be expected d irec tly  due to  the p a rtic le s . T his w ill 
now be considered  in  detail.
The d e c rea se  in v* with d ecreasin g  " free  spacing” betw een 
the p a rtic le s  and in c reas in g  s tra in  in  d isp e rs io n -h ard en ed  alloys
y.
re f le c ts  a co rresponding  in c re a se  in  t  . I t  has been shown by 
M ichalak th a t in  a - iro n  t*  rem a in s  constan t with s tra in  a t room  
tem p era tu re  and th is is  because the m obile d isloca tion  derisi- 
ty, p m , rem ain s a lm ost constant with s t r a i n a l t h o u g h  the 
to ta l density  of d islocations in c re a se s  with s tra in . It can a lso  be 
seen  from  equation (43) that as pm is  low ered a co rrespond ing  
in c re a se  in t*  should follow in  o rd e r to m ain tain  the given s tra in  
ra te  y . T his seem  to be the case  in  iro n  when deform ed a t low 
tem p era tu re  w here c ro s s -s lip  becom es difficult and as a r e s u l t  
an uniform  d istribu tion  of d islocationsis o b s e r v e d j n  d is p e r ­
s ion -hardened  alloys the to ta l d islocation  density  is  m ade up of 
g lide-d is loca tions and p rism a tic  loops generated  at the p a r t ic le s . 
Since each loop o rig inates at a p a rtic le , a netw ork of d is lo ca tio n s , 
linking p a rtic le s , and lying in  p lanes p a ra lle l to the  opera ting  slip
p lanes, should form . Thus it  is  expected that th is  dense netw ork of 
d islocations should effectively h inder the m ovem ent of a ll d is lo ca ­
tions that w ill subsequently be produced with in c re a s in g  s tra in . 
Consequent in te rac tio n s  and in te rse c tio n s  of d islocations can p ro ­
vide ex tra  b a r r ie r s  to d islocation  m otion, and thus reducing  the 
" f re e ” length of d islocations. Thus i t  is  possib le  to p red ic t that 
with d ecreasin g  " free -sp ac in g "  betw een the p a rtic le s  and a lso  with 
in c reas in g  s tra in , the m obile-d islocation  density  w ill go down and 
thus causing  an in c re a se  in  the effective sh e a r  s t r e s s ,  t* . Since
* * 144 )v has been shown to d e c rea se  with in c reas in g  t , i t  can  be
concluded that the  d e c rea se  in  v* caused  by sm a lle r  " free -sp a c in g "  
betw een the p a rtic le s  is  consisten t with the general concept of 
th e rm alty  activated  deform ation.
5. 3. 3. 2. D islocation V elocity Exponent
When d islocation  velocity  exponent data  fo r co ld -ro lled  and 
annealed specim ens te s te d  at room  tem p e ra tu re  is  p lo tted  as a 
function of s tra in  (Fig. 33) then it  is  seen  tha t the exponent m in ­
c re a se s  with in c re as in g  s tra in ; the m agnitude of m at a given 
s tra in  becom ing h igher with in c reas in g  oxide concen tra tion  than  
fo r the m atrix  fo r co rrespond ing  s tra in  values. T hese values of 
m * (m at zero  s tra in ) a re  p resen ted  in  Table 23.
It is  evident from  T able 23 tha t th e re  is  no c le a r  and definite 
tren d  of v a ria tio n  of m* with carbon  content. However, the  m* 
value of 15 fo r und ispersed  iro n  of the p re sen t investigation  seem s 
to be of the righ t o rd e r of m agnitude.
R eference  to Table 23 a lso  shows that m in c re a s e s  from  15 
fo r und ispersed  iro n  to  80 fo r specim ens containing 4. 98 vol. % 
AI2O3. T his is  a lso  in  ag reem en t with the re s u l ts  of F e lb e rb a u e r  
et al. ^  which show that m* in c re a se s  with d ecreasin g  in te rp a r tic le  
spacing  (i. e. in c reas in g  p a rtic le  concentration) of alum ina in  poly-
c ry s ta llin e  iron . Since an in c re as in g  m * im plies a d e c rea s in g  d is -
* - * location  velocity  , v, the low er n r values fo r iro n -z irc o n ia  a lloys
*
This is  because the d islocation  velocity  should be an average  of 
the speed through the m atrix  and the slow er ra te  as the d is lo c a ­
tion bowed out p ast the p a rtic le s . Thus fo r a given applied 
s t r e s s  t , the average  velocity , v, should d e c rea se  with the in ­
troduction  of p a rtic le s .
t han fo r iro n -a lu m in a  alloys may ind icate  a h igher d islocation  
velocity  in  iro n -z irc o n ia  a lloys.
An indication that the d islocation  velocity  is  h igher in  iro n -  
-z irc o n ia  alloys a lso  explains the sm a lle r  y ield  drop and a lm ost 
continuous type of yielding in  these  a lloys, as d iscu ssed  e a r l ie r  
in Section 5. 3. 2. 2..
F ro m  equation (46), t* fo r und ispersed  iro n  specim ens is
2
found to be 1. 55 kgm /m m  which is  in  a good ag reem en t with the
2 162 ) value of 1 .75 kg /m m  obtained by M ichalak , w hereas for
specim ens containing 5. 0 vol. % alum ina t = 13. 57 kgm /m m  . It
has a lso  been shown in  the p rev ious section  that the ac tiva tion  volum e
d e c rea se s  m arkedly  with in c reas in g  am ount of oxide. Since ac tiv a -
144)
tion  volum e d e c rea se s  with in c reas in g  effective sh e a r  s t r e s s  ',  
a low activation  volum e m ust be asso c ia ted  with a high m* value., 
T h is is  what our re s u lts  show. T his is  a lso  in  line with the  p r e -
■K*dieted re la tio n sh ip  betw een m ana the  activation  valum e v . The 
p a ra m e te r  m * calcu lated  from  t* and v* is  lis te d  in  T able  24. 
T his shows a very  good agreem en t betw een the experim en ta l and 
calcu lated  values.
5 .4 . T ensile  P ro p e r tie s  at E levated  T em p era tu re
E levated  tem p era tu re  ten s ile  s treng th  data fo r iro n -a lu m in a  
and iro n -z irc o n ia  alloys a re  p resen ted  in  F ig . 27(a). It is  seen  that 
the strengthen ing  c h a ra c te r is tic s  of th ese  a lloys is  about the sam e 
up to 400°C. It is  to be noted, how ever, that the degree  of s tre n g th ­
ening d e c re a se s  noticeably a t 500°C and above. T his d e c re a se  in  
stren g th  above 400°C is  consisten t with the re c ry s ta ll iz a tio n  data  
which ind ica tes that the re c ry s ta lliz a tio n  tem p era tu re  of th ese  a l ­
loys is  betw een 400°C and 500°C (see F ig s . 15 and 16). T h is  can 
also  be c o rre la te d  to the observed  s tru c tu re s  of th ese  specim ens 
te s ted  at d ifferen t te m p e ra tu re s . In the  specim ens containing p a r ­
tic le s , the a s-ex tru d ed  s tru c tu re  is  m aintained (i. e. no evidence 
of newly re c ry s ta lliz e d  g ra ins can be found) when they a re  te s te d  
at 400°C. In the und ispersed  iro n  specim ens,, on the o ther hand, a 
la rg e  num ber of newly re c ry s ta ll iz e d  g ra ins a re  found when te s te d  
at 400°G. Most of these  g ra ins appear to have nucleated  at the 
o rig inal g ra in  boundaries, with the exception of a few tha t a re  found
in  the o rig inal g ra ins .. The d isp e rsio n -h ard en ed  specim ens when 
te s te d  at 500°C, however, show signs of re c ry s ta lliz a tio n  and the 
newly re c ry s ta ll iz e d  g rains a re  num erous but ex trem ely  fine. All 
of these  seem  to have nucleated at the a rra y  of p a rtic le s  (Fig. 
47(f)).
This s im ila r ity  in strengthening  effect, fo r the two d isp e rso id s  
is  a lso  consisten t with the p a rtic le  m orphology based  hypothesis 
outlined in  Section 5, 3 .1 . 3, since  deta iled  exam ination of the r e l e ­
vant m ic ro e tru c tu re s  (see F ig . 42) shows that ex tru s io n  p roduces 
finely divided, s im ila rly  shaped p a rtic le s  of each d isp e rso id . In 
th is  case , th e re fo re , the  absence of s t r e s s  concen tra tion  effects 
at angular p a r t ic le /m a tr ix  in te rface  allows both d isp e rso id s  to 
produce a deg ree  of streng then ing  which is  ap p ro p ria te  to the 
re lev an t oxide content and d istribu tion , etc.
The ductility  of the  extruded alloys te s te d  at e levated  te m p e r ­
a tu re s  as a function of oxide content is  shown in  F ig . 27(b). The 
following a re  the m ain fea tu res  of these  re s u lts :
(i) At 400°C, iro n -z irc o n ia  a lloys show p a rtic le -in d u ced  
ductility ; the ductility  being m easurab ly  h igher at a ll 
d isp e rs io n  levels than  the m atrix . It is  a lso  h igher fo r 
iro n -z irc o n ia  alloys than fo r each co rrespond ing  com ­
position  of iro n -a lu m in a  alloys.
(ii) In the case  of iro n -a lu m in a  a lloys, how ever, the d u c til­
ity  is  slightly  low er at 400°C than the m atrix  except at
1. 0 vol. % oxide leve l w here i t  exceeds the m a trix  
elongation by about 10%.
(iii) At 500°C, in  the case  of iro n -z irc o n ia  alloys, again  
th e re  is  evidence of p a rtic le -in d u ced  ductility  up to
2. 3 vol. % z ircon ia , beyond th is  leve l i t  d e c re a se s  with 
in c reas in g  oxide content. In the iro n -a lu m in a  alloys at 
th is  tem p era tu re , on the  o ther hand, th e re  is  a c o n s id e r­
able drop in ductility  with in c re a s in g  oxide content 
(except at 1, 0 vol. % level), b igger than in  iro n -z irc o n ia  
alloys.
(iv) At 600°C, both in  the case  of iro n -z irc o n ia  and iro n -  
-alum ina alloys the ductility  d e c re a se s  with in c re as in g  
oxide content but once again the d ifference  betw een 
iro n -a lu m in a  and iro n -z irc o n ia  is  m aintained.
The com parison  of these  data with the co rrespond ing  ten s ile  
s tren g th  data of F ig . 27(a) a lso  shows that in  the case  of iro n -  
- z irco n ia  alloys at 400°C, the p a rtic le -in d u ced  ductility  is  m ore  
m arked  p rec ise ly  in  the com position range w here a m arked  in ­
c re a s e  in  streng th  (over that of the m atrix ) is  obtained. T h is is  
in  variance  with re s u lts  fo r the sam e alloys at room  te m p e ra tu re  
w here ductility  d ecrea sed  with in c re as in g  streng th . F u r th e rm o re  
at 4C0°C and 500°C, th e re  is  no significant d ifference in  the te n ­
s ile  stren g th  between iro n -a lu m in a  and iro n -z irc o n ia  alloys w h e re ­
as th e re  ex is ts  a noticeable d ifference in  th e ir  du c tilitie s .
The em brittling  effect of second-phase  additions was thought 
by E delson and B a l d w i n t o  be due to the ability  of p a rtic le s  to  
concen tra te  s tra in  locally  betw een p a rtic le s*  allowing f ra c tu re  to 
occur e a r l ie r  than if the s tra in s  w ere  hom ogeneous. It is  a lso  
w ell estab lished  that due to heterogeneous s tra in  d is trib u tio n , 
which is  caused by the p resen ce  of second-phase  p a r tic le s , the  
c ra ck s  a re  nucleated at th ese  p a rtic le s  (by void fo rm ation , d e - 
cohesion of the in te rface , o r f ra c tu re  of p a rtic le s ) . It would thus 
appear that the p a rtic le -in d u ced  ductility  is  due to a s t r e s s  r e l ie v ­
ing p ro cess  which m odified c ra ck  p ro file  and im pedes i ts  p ro p ag a ­
tion  by p las tic  deform ation, ye t m aintained the s treng th .
134)R ecently, Hahn and R osenfield ' have suggested  that the  
enhanced ductility  at high streng th  of such a com posite  is  a con­
sequence of p a rtic le s  lim iting  the effective slip  d istance  of d is lo c a ­
tions and thus the degree of s t r e s s  concen tra tions. T h e re fo re , the 
enhancem ent should be a com bined function of p a rtic le  s ize  and in ­
te rp a r tic le  spacing. They have shown that in  iro n - th o r ia  a lloys 
with in te rp a r tic le  (i. e. p lanar edge-to -edge) spacing  le s s  than 
about 0. 5 to 1 . 0 m icron  a rc  substan tia lly  m ore  re s is ta n t  to  c le a v ­
age and should be both s tro n g e r and m ore  ductile  than o rd in ary  
iro n  at th is  tem p era tu re . R eference  to  F ig . 27(b) and T ab le  17 
shows that the enhancem ent in  ductility  a s  w ell as  s tre n g th  of 
iro n -z irc o n ia  alloys is  obtained in  the  com position ran g e  w here  
p a rtic le  s ize  (i. e. m ean p a rtic le  d iam eter) and p lan a r ed g e-to - 
-edge spacing a re  in  the range of 0. 108 to 0.122 and . 0. 302 to
0. 532 m icron  resp ec tiv e ly . Hence, i t  seem s a s  if the  p red ic tio n  of 
Hahn and R osenfield is  obeyed. Beyond the com position c ited  above, 
the  p a rtic le  s ize  in c re a se s  m ore  rap id ly  with in c re a s in g  volum e
frac tio n  of oxide in iro n -a lum ina  alloys than in  the case  of iro n -  
-z irco n ia  alloys w hereas the change in  p a rtic le  spacing is  ra th e r  
sm a ll. This may im ply a p a rtic le  s ize  dependence of ductility  
because in  th is  com position range, the ductility  d e c re a se s  ra p id ­
ly. Another rea so n  fo r enhancem ent in  the ductility  of i r o n - z i r ­
conia alloys may be due to g re a te r  density  of unlocked, m obile 
d islocation  density  and th e ir  g re a te r  velocity  than co rrespond ing  
iro n -a lu m in a  alloys. This has been d iscu ssed  in  Section 5 .3 . 3.
It can be concluded th e re fo re  that although the streng then ing  
due to both alum ina and z ircon ia  p a rtic le s  in  iro n  is  v irtu a lly  the 
sam e (in the extruded alloys) indicating  s im ila r ity  of in te rn a l 
s tru c tu re  yet th e re  seem s to be c e r ta in  subtle d ifferencesin  the 
dynamic p ro p e rtie s  and behaviour of d islocations betw een the  two 
alloys.
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6. CONCLUSIONS
The m ain conclusions which can be draw n fro m  the p resen t
work a re  as follows:
1. The p resen ce  of the  inheren tly  stab le  oxide p a r tic le s  inhib its 
the degree of densification  of carbonyl iron  m a trix . The ex­
tent of inhibition in c re a se s  with in c reas in g  p roportion  of the 
second-phase p a rtic le s . Among the d isp e rso id s  used , 
z ircon ia  is  the m ost effective inh ib ito r at a ll s in te rin g  
te m p e ra tu re s  betw een 1300-1500°C. When m ore  than  0. 5 
wt. % alum ina is p re sen t in iron , the deg ree  of densification  
rem ain s v e ry  low up to  1400°C beyond which it in c re a se s  
rap id ly  up to  1500°C. The grow th of tita n ia  p a r tic le s  and 
th e ir  apparen tly  anom alous effect on densification  of iro n
is  thought to o rig inate  from  th e ir  chem ical in stab ility  
v/hich m ay allow compound fo rm ation  with iro n , above 
1350°C.
2. The sin te ring  of s ta in le ss  s te e l, e ith e r alone o r  with 
d isp e rso id s , is  c h a rac te rize d  by a te m p e ra tu re  range fo r  
which the deg ree  of densification  is fa ir ly  low (1150-1300°C 
fo r c o a rse  powder) and a h igher tem p era tu re  range fo r  
v/hich the deg ree  of densification  is  h igher and rap id ly  in ­
c re a s e s  v/ith tem p era tu re . None of the  oxides com plete ly  
inhibit : the densification  in s ta in le s s  s te e l as does z irco n ia  
in carbonyl iron .
3. The room  te m p e ra tu re  and e levated  tem p e ra tu re  m echan ica l 
p ro p e rtie s  of carbonyl iro n  a re  im proved by the  addition of 
d isp e rso id s . The g re a te s t im provem ent of p ro p e r tie s  occu rs 
in alloy containing about 10. 0 vol. % alum ina; although the  
im provem ent in s treng th  over that of^alloy containing about
2. 0 v o l. % alum ina is not v e ry  g rea t. It can  be concluded, 
th e re fo re , th a t with th is  p a rtic u la r  com bination of m a trix  
p a rtic le  s iz e , d isp erso id  p a rtic le  s iz e , and d isp e rso id  
volume frac tio n , about 2 . 0 vol. % gives a kind of sa tu ra ted  
s tru c tu re  fo r  optim um  m echanical p ro p e rtie s .
4. The effect of in c reased  z irco n ia  additions beyond ~ 1. 5 vol% 
is noticeably le s s  than that of alum ina and l i t t l e  e x tra  
strengthening  occu rs on the additions of z irco n ia  in ex cess
of 1. 5 vol. %. T his has been shown to be asso c ia ted  with the  
tendency of z irco n ia  p a rtic le s  (agglom erates a f te r  s in te rin g  
at 1350°C) to  becom e angu lar in shape a fte r  hot as w ell as 
cold-w orking in th is  com position range.
5. S intering at 1200°C leads to  the  fo rm ation  of loose ly  bonded 
p a rtic le  c lu s te rs  which b reak  down to  fo rm  uniform ly  
d istribu ted  sp h e rica l p a rtic le s  fo r  both d isp e rso id s . T hese  
final p a rtic le s  a re  s im ila r  in s iz e , shape and spacing to 
those  produced in the alum ina containing alloys which w ere  
sin te red  at 1350°C. Hence, fo r  a given com position , th e ir  
strengthening  effect is  s im ila r  to  tha t occurring  in the la t te r  
case .
6 . E x tru sion , at 1000°C, a f te r  s in te rin g  at 1350°C, leads to  the 
fo rm ation  of s im ila r  n e a r-sp h e r ic a l p a rtic le s , and hence 
s im ila r  strengthening  effects fo r  each d isp erso id .
7. The elevated tem p e ra tu re  p ro p e r tie s  of extruded a lloys a re  
consisten t with th e ir  known isoch ronal re c ry s ta lliz a tio n  data .
8 . The streng then ing , in the com position  range w here p a rtic le s  
a re  sp h e rica l o r n early  sp h e rica l and uniform ly  d is tr ib u ted , 
is  thought to  occur according  to  the Orowan m odel. In a lloys 
w here p a rtic le  m orphology and d is trib u tio n  d iffer considerab ly  
from  that c ited  above, the strengthening  is  b e tte r  accounted 
fo r in te rm s  of volum e frac tio n  and a b e tte r  c o rre la tio n  is  
found with the  A nsell and L enel m odel.
9. The work hardening ra te  in c re a se s  with d e c r e a s in g  in te r ­
p a rtic le  spacing. The ra te  in  iro n -a lum ina  a lloys is  h ig h er 
than in co rresponding  iro n -z irc o n ia  a lloys, e spec ia lly  in 
co ld -ro lled  specim ens. T h is is  thought to  be a sso c ia ted  with 
the d ifferen t p a rtic le  m orphology that is  obtained in the  two 
sy stem s. G enerally , the  work hardening seem s to  occu r by
a m echanism  like that proposed by Ashby based on^secondary 
slip  m odel.
10. The activa tion  volum e, de te rm ined  by s tra in  ra te  change e x p e ri­
m en ts, is  found to  d e c rea se  with in creas in g  p a rtic le  co n ce n tra ­
tion  (i. e . , d ecreasing  p a rtic le  spacing). The in c re a se  in flow 
s t r e s s  due to  in c re ase  in s tra in  ra te  show a c o n s ta n t- lin e a r  
re la tionsh ip  with s tra in  in carbonyl iron . In the  iro n  com pos­
ite s  containing m ore than about 2 . 0 vol. % oxide, how ever,
th is  d iffe ren tia l flow s t r e s s  in c re a se s  with s tra in .
The d islocation  velocity  exponent, m , in c re a se s  with s tra in  
and m*(i. e. m  at ze ro  s tra in ) in c re a se s  with in c reas in g  
oxide content; the m agnitude of m *and m (at any given 
s tra in ) being h igher in the c a se  of iron -a lum ina  alloys than  
in correspond ing  iro n -z irc o n ia  a lloys.
A c o rre la tio n  betw een the activa tion  volume and the d isloca tion  
velocity  exponent is  supported by the  p resen t re s u lts .
7. SUGGESTIONS FOR FURTHER WORK
1. The p resen t w ork has shown quite  conclusively  th a t as  low as
0. 5 vol. % z irco n ia , when p resen t in iron , stops the d en sifi­
cation  of the com posite  a lm ost com pletely . T h is d eg ree  of 
inhibition can not be accounted fo r on the b a s is  of in e rtn e ss  
of the p a rtic le s  (with re sp ec t to  the m atrix ) alone. A m ore  
detailed  study of sin tering  k inetics coupled with rad ioactive  
t r a c e r  o r diffusion couple type of diffusional study should be 
able to de te rm ine  the m echanism  accu ra te ly  by which the 
densification  inhibition is  accom plished in iro n -z irc o n ia  
a lloys. T h is kind of study should a lso  be usefu l in p red ic ting  
th e ir  s treng th  a t high te m p e ra tu re  w here the  p las tic  d e fo rm a­
tion  is  g rea tly  influenced by se lf-d iffusion  c h a ra c te r is t ic s  of 
the m atrix .
2 . Although the  influence of p a rtic le  m orphology (produced in 
th is  case  by d ifferen t production technique) on the  final 
s treng th  has been shown to be quite substan tia l, yet a p re ­
c ise  and quantitative p red ic tion  about the  deg ree  of influence 
due to  a given shape cannot be m ade. In o rd e r  to  re so lv e  
the shape effect in definite te rm s , d ifferen t but defin ite  
g eo m etrica l shapes of p a rtic le s  w ill have to  be inco rpo ra ted  
in a m atrix  from  which the na tu re  of s t r e s s  d is trib u tio n  
profile  around th ese  p a rtic le s  can be ca lcu lated . T h is n a tu re  
of s t r e s s  d istribu tion  can then  be re la ted  to  the  o v e ra ll 
strengthening  induced by the p a r tic le s .
3. A ll the p resen t th eo rie s  re la ting  d isp e rs io n  streng then ing , 
work hardening in d isp e rs io n  strengthening  m a te r ia ls , and 
g en era l p lastic  flow behaviour to d isp e rs io n  p a ra m e te rs  accept 
the p a rtic le s  being the  only po ten tial obstac les to  d isloca tion  
m ovem ent. Although it is  quite tru e  th a t in such com posites , 
p a rtic le s  a re  f a r  the m ost po ten tial single so u rce  of s tre n g th ­
ening, yet it is fe lt that if the  contribu tion  of o th er s tru c tu ra l  
p a ra m e te rs  like  g ra in  boundaries and subboundaries, e t c . , 
w ere known in m ore  definite te rm s  than  a re  known to -d ay ,
it would have been m uch e a s ie r  to  in te rp re t the  flow p ro p e rtie s  
and a lso  to identify the  basic  m echanism  governing the w ork 
hardening and o v era ll strengthening  c h a ra c te r is t ic s . To 
iso la te  and identify  uniquely the  effect of d isp e rsed  p a r t ic le s ,
the following experim en ts a re  thought to  be useful:
(i) Flow streng th  m easu rem en t of m a trix  single c ry s ta l  
at d ifferen t tem pera tu res*
(ii) Flow stren g th  m easu rem en t of m atrix  single c ry s ta ls  
with d ifferen t am ounts of d isp e rs io n  (say, of sp h e rica l 
shape) at s im ila r  te m p e ra tu re s  as in (i).
(iii) Flow streng th  m easu rem en t of p o lycry sta lline  m atrix  
without d isp e rs io n  at s im ila r  te m p e ra tu re s  a s  in (i) 
and (ii).
(iv) Flow streng th  m easu rem en t of po lycry sta lline  m a trix  
containing s im ila r  am ounts of d isp e rs io n  and at s im ila r  
te m p e ra tu re s  a s  in (ii).
F ro m  th ese  se ts  of experim ents the g ra in  s ize  effect can  be 
iso la ted  from  that of the p a rtic le s  on strengthening . T h is should 
a lso  give b e tte r  understanding of the effect of the  p a rtic le s  on flZ 
petch  slope. F u rth e rm o re , the  fr ic tio n  s t r e s s ,  effective s t r e s s ,  
and s t r a in - ra te  sen sitiv ity  can a lso  be obtained. With the  help 
of s tru c tu ra l analy sis  by X -ra y  and e lec tro n  m idroscopy  a 
reasonab ly  accu ra te  estim ate  of d ifferen t kinds of o b stac les  can 
a lso  be m ade.
Table 1 
D eta ils of D isperso id s
Oxide BET 
Surface 
ga re a  
(m /gm )
A verage 
P a r tic le  size  
(m illim icron)
X -ra y
Structure
P u rity
Alumina
(Microid)
NA* NA Y-AlgOg NA
Alumina 
(Degussa 
P  110CI)
100^10 5-30 V - M 2°3
A12Os - 99 wt. % 
F e 2O3-<  0. 15 wt.% 
SiOg ^not 
TiOg) de tectab le  
Hcl - < 1 .0  w t.%
T itan ia  
(Degussa 
P . 25 )
50 33 A natase
Hcl - 0.1 - 0.2 wt.% 
T iO g- 96 wt.% 
SiO g- 0 .1 -0 . 2 wt.% 
FegOg - 0. 005 wt.% 
A l2O3- 0.1 -0 .3  wfc.%
Z ircon ia  
{Degussa 
RV 295)
40-50
10-40
(P redom i­
nant p e r ­
centage 
25-30 )
Cubic
SiOg - 0 . 61 wt. % 
(analyzed only fo r  
S i0 2)
* - not availab le.
Table 2
P hysica l and The rm odynam i<fal P ro p e r tie s  of Oxides      —--------------------
Oxide AH298 
k c a l /  m ole
M elting
point
°C
R em ark
Z r ° 2 259^1. 2 2700 Z r° l . 8- 2.0
T i0 2 255. 5^ 1.0 1920 T lO li-90-2. 0
A12°3f
4 0 0 .0 -1 .5 2030 -
Surface ten s io n , y,  Contact ang le , 6 , o r  W ork of A dhesion, 
Wa d , of iro n  with oxides at 1550°C (in hydrogen) (53a).
Iron Plague 7
(e rg s /c m  )
9
deg ree)
w  ^ad 2 
e rg s /c m
A rm co Z r° 2 1395 111.0 890
A rm co TiOg - 84 900
A rm co T i° 2-H - 92 900
E le c tro ­
ly tic
AlgOg 1450 121.4 695
* re fe rs  to TiOg which was purified  in hydrogen in o rd e r  to  
produce an oxygen-deficient s tru c tu re .
T able 3
G reen  po rosity  fo r  cold-com pacting p re s su re  of (a) 29 t. s. i. 
and (b) 34 t .  s. 1.
Iron  + AlgOg Iron  + ZrOg Iron  + TiOg
Code Iron 0.5wt.% 1.0wt.% 0.5wt.% 1.0wt.% 0.5wt.% 1.0wt.%
1 22. 08 19.45 21.31 24.77 24.00 23. 58 23.76
2 22. 10 19.83 21. 58 24. 65 25.79 23. 77 23. 12
3 22. 73 19. 96 21. 19 25. 79 24. 90 23.64 23. 12
4 21.67 20. 34 20.03 25. 92 24. 51 22.36 23. 75
ave. 22.14 19.89 21.02 25. 28 24. 80 23.33 23.43
s . s. s . s. (3 8 s) s . s . (38M-) s. s . (38S)
38s +1. 5wt. % AlgOg +1. Owt. %ZrC>2 +1. 0wt.% TiO2
1 21.55 26. 97 27.88 28. 65
2 21.55 28. 00 27 .88 29. 42
3 22.33 26. 59 28 .13 29. 17
4 21.94 27. 62 27 .88 29.04
ave. 21. 84 27. 29 27. 94 29. 07
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Table 4
D ensification P a ra m e te r  Data for various 
S in tering  T em p era tu re  for iro n -b ase d  Alloys
i*CO
CM
u
r
Com position
*)A D Com pacting 
P re s s u re  
(t. s. i)1300
(0°C)
1350
(°C)
1400 
( C)
1450
(°C)
1490
(°C)
Carbonyl
Iron
(Pe)
0. 409 0. 467 0..713 0.811 29
tf 0.446 0. 508 0. 737 0. 734 0.836 34
n 0.457 0. 508 0. 772 0. 799 0.838 38
Fe+0. 5wt% 0. 279 0.451 0. 635 0. 705 0.799 29
1. 0 " 0. 135 0. 152 0. 178 0. 276 0. 392 n
1. 5 M 0. 128 0. 139 0. 149 0. 244 ,0. 347 ti
Fe+0. 5wt% 0. 006 0. 016 0.026 0. 030 0.031 t!
1 .0  " 0. 037 0. 013 0. 028 0.025 0. 036 u
Fe+0. 5wt% 0. 281 0. 559 0. 465 0. 511 0. 450 . J?
1. 0 " 0.. 262 0. 491 0.440 0. 339 0. 343 rt
2. 0 n 0. 375 0.440 0.431 0. 425 0. 435 n
o•iH
CM
u
- average  of at le a s t th re e  d ifferen t va lues.
Table 5
D ensification P a ra m e te r  Data fo r various 
S intering T em p era tu re s  fo r S ta in less S tee l-b ased  A lloys
Com position AD
1150PC 1200°C 1250°C 1300°C 1350°C 1400°C
s. s. 1 
(3 % )
0, 378 0, 459 0.551 0. 584 0. 762 0. 949
s. s. 2 
(8 . on) 0.502 0. 510 0. 677 0.812 0. 903 0. 910
s. s. 1
+1. 5wt%
A12°3
0. 09 0. 112 0. 137 0. 185 0. 365 0. 763
, 1. Owt% 
Z r° 2
0, 1750 0.196 * 0. 197 0. 392 0.638 0. 911
1, Owt% 
TiQ2 0. 232 0. 294 0. 350 0. 442 0. 620 0. 882
s. s. 2 
+1. Owt%
Z r 0 9 
...... ........... .........
0. 454 0. 577 0. 718 0. 775 0.860 0. 877
Table 6
Gas A nalysis R esu lts fo r S ta in less S tee l-based  A lloys
Com position HeatT rea tm en t ° 2wt%
n 2
wt% wt% Technique
S tain less
Steel
as
Supplied 2. 04 0. 0514 0. 0038 M icro-
304 L 
(38n) S in tered  a t 1300 C 
fo r 2 hours
0. 1512 0.0183 0. 0026
vacuum -
fusion
304 L 
(8. 2\x)
as
supplied 1. 606 0. 0234 0. 0020
gas
an a ly s is .
304 L + l. 0 
wt% Z rO 0 
(38n) *
Sin tered  
at 1300°C 
fo r 2 hours
0. 507 0. 0304 0. 0010 A ll te s ts  w ere  done
304 L + l. 0 
wt%Al90 „  
(38)i) '
fr 1. 560 0. 0580 0. 0037 a t 1850t 20 C in
304 L+5. 0 
w t% Z r09 
.(38 ]i) *
»t 1.450 0.0625 0. 0022 platinumbath
304 L+5. 0 
wt%Al90 9 
(38fi) z ■
tt 1.4202 0.0517 0.0050
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Table 13
G ra in -S ize  Data fo r  E xtruded and C o ld -ro lled  M ate ria ls
S in tered
at
4----------------- S in tered  at 1350 °C -------------------> f-T200°C —}
CO
CM
CM
ou
N
. § /c  /
Extruded E xtruded
and
A nnealed *)1
+
C o ld -ro lled  
and 
Annealed
*)2
C o ld -ro lled  
and 
Annealed
St /  
< # /
dg (V * dg (d/ <V w / 1 dg < v ‘
/  ^ 00 —*■ —►
fe 77. 1 0. 113 149. 36 0.082 34.9 0.169 94. 11 0.103
0. 99 47. 35 0.145 68. 08 0. 121 8. 13 0.350 _ -
1. 98 30. 17 0 . 182 49. 80 0.141 5.66 0.420 52. 63 0. 137
2. 97 20. 13 0.222 41. 77 0.154 4.45 0.474 - -
4. 95 12.08 0.287 29. 68 0.183 2.32 0.656 10. 00 0. 316
9. 9 5. 89 0.411 11. 10 0.300 1.52 0.811 - —
0. 675 24.22 0. 203 46. 25 0. 147 9.62 0. 322 - -
1. 35 14.59 0.261 41. 66 0.155 6.34 0. 397 50. 85 0. 140
2. 075 10. 69 0. 305 34. 18 0. 171 4. 83 0.454 - -
3.375 7.61 0.362 28. 46 0. 187 2.51 0. 631 17. 48 0. 239
6.75 4.33 0.480 11. 62 0.294 2 . 00 0. 707 - -
*)1- annealed at 600°C fo r  2 hours
*)2- co ld -ro lled  by 65% reduction  in th ick n ess
+ - co ld -ro lled  by 95% reduction in th ick n ess .
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Table 15
The p a ra m e te rs  x and k of the  P e tch  equationo y
in iro n  at room  tem p era tu re  fo r d ifferen t p u ritie s
!
Ref. M ateria l
S tra in
ra te
(sec ) ”1
C arbon
content
wt. %
- t o
kg / m n /
k
y
k g /  m m 3/ 3
P re se n t
w ork
C arbonyl iro n  
with oxide 
d isp e rs io n
• 2. 22 x 10 < 0. 02 11. 5 3. 8
C onrad K 1 . 
Schoeck .
V acuum -m elted 
e lec tro ly tic  iro n 7. 0 x l o "4 0. 014 6 .4 . . . 2 .2
P e tc h 183 ^ L ow -carbon 
s te e l . . . 2. 0 x lO ' 4
Not
rep o rted . .7. .2. . . .......2..4 . .
C h ris t S 
Sm ith A84). .
Z one-refined  
.iron  . 3. 6 x lO -4 .
0. 0016 
. 0. 0018 . . . ,2..5 . . . . . .2. 4 . . . .
Table 16 
A ctivation volum e data
5
<
I_^
r*
•aOoJh
•rH
U
F e  /
/Oxide 
/  vol. %
Atr. ( € = 0.15) 
3x 10 p si
v * /b 3
E • EA FRA "E EA ' F R A ’
F e 1. 02 1. 00 1. 04 234 237 228
+ 0. 99 1.12 1. 05 - 212 226 -
(-*
■
• CO 00 1 .27 1. 05 1.18 187 226 201
2. 97 1.37 1. 39 - 174 171 -
4. 95 1. 72 1.46 1. 52 138 162 157
9. 9 ......... 2. 07 1.76 - 115 135
0.67 - - - ■ - - -
1.35 1. 08 1. 07 1. 30 220 223 183
2. 02 1. 20 1.28 - 199 186 -
i
CO 
1 
CO 
1
- - 1 .40 - - 170
6. 75 1. 76 1. 60 ' 135 ' 149 *
E - extruded
EA - extruded and annealed (600 C /2 h r  s . )
FRA - forged, co ld -ro lled  (65%) and annealed (600 C /2  h r s . )
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Table 18
P h y sica l constant at room  tem p era tu re
G, x 103 kg /m m 2 E, x l o 3 k g /m m 3 V
F e 8 .4 7 190) 21. 6 8 190) 0. 2 9 190)
ALjOg** 11. 2 5 191^ 31. 6 4 191^ 0. 26 191^
Z r0 2 + ) 7. 03 192^ 18. 5 0 192^ -
GZ r0 2 and E ZrO  fo r 99 °^ density is calcu lated  from  the r e la -
tion  ^
1 1 . .+ ---- .------- and
G G0 G0(l-P )
1 1 ^ 2"^— = —  + ---- „------ resp ec tiv e ly
E E 0 E q(1-P) H J
w here E and G = Young’s and sh e a r  m oduli at som e p o ro sity , P , 
resp ec tiv e ly ,
E q and Gq = Young’s and sh e a r  m oduli at zero  po rosity , 
respec tive ly .
= 3. 86 and. bg = 3. 01.
+  ^ - r e f e r s  to unstab ilized , p o ly cry sta llin e , m onoclin ic, 90% 
dense z ircon ia ,
} - r e fe r s  to poly c ry s ta llin e  and 90% dense alum ina.
Table 19
W ork harden ing  ra te  and ten s ile  streng th  
fo r carbonyl iron , iro n -a lu m in a , and 
iro n -z irc o n ia  alloys at room  tem p e ra tu re
C om posi-
tion
o
(dcr/d£ ) x kg /cm T ensile  s tren g th  
. 10  ^ x kg /cm ^
vq\, % EA FKA EA FRA
F e 16. 03 15.40 25. 39 23. 62
Fe+ AlgOg 
+ 0. 99 25. 83 32. 55
+ 1.98 34. 37 30. 80 32. 20 36. 08
+ 2. 97 49. 70 - 36. 61 -
+ 4.95 63. 98 64,40 43.26 36.02
+ 9. 90 . 43. 89 - 51. 87 -
Fe+ ZrOg
+ 0. 675 32. 62 - 34. 30 -
+ 1. 35 32.13 16.80 35. 28 28. 91
+ 2. 025 27.86 - 35. 28 -
+ 3. 375 59. 78 23. 80 41. 50 31. 94
+ 6. 75 .. 51.73 - 42. 00
Table 20
W ork hardening P a ra m e te rs  (F. H. P . ) fo r E xtruded  
and C o ld -ro lled  m a te r ia l
F e  / 1
f r f3/ 2;
f r
1 ..... — .........................
T 1*h at s tra in s  
(x 103 psi) T re a t­
/O x id e vol. % 0.03 0. 06 | 0 .09 m ent
0. 99 0. 075 13. 13 5. 19 7.18 6 . 77 1
1. 98 0.1525 18. 27 3. 83 6. 05 5.48 ri
AlgOg 2. 97 0.1750 29.25 12.64 14.38 13. 73 n
4. 95 0.1945 56. 62 20. 16 22.72 22. 88 m
9.9 0.1390 224.10 35. 28 37. 70 37.31 ii
1.98 0.0984 28.31 - 22.05 22. 78 2
' ^ 2 ^ 3 4. 95 0.1486 74. 11 - 19.61 21. 80 2
4.95 0.1645 66.91 - 17.39 17. 86 3
0. 675 0.075 7.39 7.77 8. 61 1
1. 35 0.065 24.13 11. 91 13.05 12.08 1
ZrOg 2.025 0.105 27.44 10. 18 11. 57 11. 17 1
3. 375 0.090 68. 89 18.78 21. 11 22.39 1
6.75 0. 145 148.79 21. 10 23. 27 22. 97 1
1.35 0.0545 28.78 - 9. 22 9.81 2
zro2 3. 375 0.1315 47. 15 - 13.78 14. 83 2
3. 375 0.2190
'
28.31 - 11.56 12.21 3
#) - refers to F .H . P . (x ) i. e. , increament in strain over
that of the m atrix at a given strain.
1. - sintered at 1350°C, extruded, and annealed at 600°C /2 hrs.
2. - sintered at 1200°C, forged and co ld -ro lled , and n " M
3 n ii i350°C u 11 11 11 11 11 H M
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Table 23
D islocation velocity exponent values for iron  
at room tem perature
Ref. .*m Cppm
Base  
strain rate 
sec~ l
Remark
Stein150’ 5 5x  10~3 3 -3 3 x l0 * 3 Iron
15 500 ir IF
Michalak162) 5.5 10 1- 6 xlO "4 1!
Felberbauer 
et al. 127f
18
35
10
270
1- 1 0 x l(T 4
ir
with oxide
M
Present
Work
15* a* 200 2- 2 2 x l0 -3
carbonyl iron  
(grade MCMP)
42 u J ! 1. 98 vol. % Alumina
80 » t ! 4. 98 vol. % Alumina
Table 24
Experim ental and calculated values of m *
F e /  
/v o l .%
/  A l g O g
*
m
experi­
mental
A ct 
kg/ mm^
T *
kg/ mm^ v * /b 3
m*
calculated  
from  
eq. 49
Fe 15 0.72 1.55 228 13
+ 1. 98 42 0 .84 5 .49 201 41
+ 4 .95 80 1.07 13.57 157 79
+ 4. 95 26 0 .89 • 3 .46 187 24
X
0 x
(b)
x ,-  a  bowed d is location line in a  stable  position 
(for a  given level of applied s t r e s s )  
xc - t h e  bowed dislocation in critically stable position 
x2- t h e  bowed dislocation in an unstable position.
F i g .  1 .  S c h e m a t i c s  o f  ( a )  t h e  f o r c e - d i s t a n c e  r e l a t i o n s h i p ,  f o r  
y i e l d i n g ,  a n d  ( b )  t h e  b u l g e  i n  a  b o w e d  d i s l o c a t i o n  l i n e  
u n d e r  s t r e s s  a n d  t h e r m a l  f l u c t u a t i o n .
- 0 -
N d
u
o -2 5  r
/ ' I
if-
/•2 S'
( a )
■*■1
■ X
0 -
i 0 -875  1
n
£
J
O'120
I J L - f f | 1
y
T\.
1 1 1 ■fie a
°-5o'
< b )
I I
->! f<-
J J o-3o"
F i g .  2 .  D r a w i n g s  o f  t e n s i l e  t e s t  p i e c e s  o b t a i n e d  f r o m  
. ( a )  c o l d - r o l l e d  s h e e t s ,  a n d  ( b )  e x t r u d e d  b a r s .
N
um
be
r 
of 
pa
rt
ic
le
s
S in te r ed  a t  1350C and  ex t ruded  a t  1000 C
1250 2500 3750 5000
2r(A°) ~>
6250
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two hours).
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F ig .  26. L oad/elongation curves for iron -b ased  d isp ersion
alloys tested  in  extruded and annealed (at 600 C
for two hours) condition.
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Fig.34- Carbon extraction replica electronraicrcgrapbs of
iron-titania alloys; sintered, forged and cold-
rolled.
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APPENDIX 1
Sim ultaneous Reduction and S in tering  of Oxides
In a situation  when it  was ex trem ely  difficult to obtain fine 
s ta in le ss  s te e l pow ders of d ifferen t com positions and of sufficien t 
pu rity , it  was decided to produce such m a te r ia ls  by sim ultaneous 
reduction  and s in te rin g  of oxide m ix tu res (with a n d /o r  without d is ­
p e rs io n s  of alum ina, z ircon ia , o r titan ia ). F o r  th is  m a te r ia l to  be 
usefu l fo r d isp e rsio n  hardening , it was v ita lly  im portan t to  achieve 
a 100% reduction  of the oxides, p a rtic u la rly  of chrom ic oxide.
F e r r ic ,  n ickel and chrom ic oxides (ex. B. D. H ., a4) w ere  
used in s to ich iom etric  p roportions to obtain a 20/10 o r 20/20 type 
s ta in le s s  s te e l. The grades of the oxides w ere:
(i) F e r r ic  oxide, calcined
(ii) N ickel oxide, low in cobalt and iro n
(iii) Chrom ic oxide, green.
The oxide m ix tu res w ere f i r s t  d ry  b a ll-m illed  fo r  48 h o u rs .
The m ixture was then cold com pacted using trich lo roe thy lene  as 
the lub rican t (5 .0 , c. c . in each 50 gm s. of oxide m ix tu re). The 
d iam ete r of the com pacts was 0.84 or 1 .15 cm  and th e ir  th ic k ­
n e sse s  v a ried  in the range 0 .4 -1 . 0 cm .
The com pacts, in a re c ry s ta lliz e d  alum ina boat, w ere  p laced  
in  a cold fu rnace. The furnace was heated a t the  ra te  of about 
200°C /hour up to  1360°C and was m aintained at th is  te m p e ra tu re  
fo r 16 hours under dry  hydrogen a tm osphere . The w eights of the 
com pacts w ere  obtained both befo re  and a fte r  reduction . The d e ­
g ree  of reduction  was estim ated  from  the d ifference betw een the 
weight of the reduced specim ens and th e ir  th eo re tic a l weight fo r  a 
100% reduction . A se lec ted  num ber of specim ens w ere  a lso  analysed  
fo r oxygen.
The amount of weight change obtained a fte r  s in te rin g  and r e ­
duction at 1360°C fo r 16 hours is  shown in Table (A l). M ic ro s tru c ­
tu re  of these  specim ens showed a com plete absence of p o ro sity  in  
the ou ter reg io n s , and an accum ulation of po res  and unreduced  p a r ­
tic le s  in  the cen tra l reg ions. This is  thought to  a r is e  from  the d e ­
c re a se d  ra te  of hydrogen flow to  the c e n tra l reg ion  as the ou ter 
reg ion  is  reduced  during the ea rly  s tag es  of reduction , sea lin g  m ost
of the in terconnected  po res off. T hus, the genera l ind ication  from  
both of these  re s u lts  was tha t the com plete reduction  of chrom ic 
oxide was difficult, p a rtic u la rly  in  the c e n tra l reg ion  of the sp e c i­
m ens. M icro -p robe analy sis  showed, how ever, th a t a fa ir ly  hom o­
geneous d istribu tion  of iro n , chrom ium , and n ickel was p resen t 
in a ll the reduced  specim ens. F u rth e rm o re , th e re  was no evidence 
of any detectab le  im purity .
In o rd e r to im prove the  deg ree  of reduction , another batch  of 
com pacts (of pu re  oxides, i. e . , without any d ispersion ) w ere  f i r s t  
" fired "  at 1440°C for 62 hours in a ir  and then reduced  at 1360°C 
in d ry  hydrogen atm osphere  fo r 16 h o u rs . The am ount of weight 
change that o ccu rred , in th is  case , is  a lso  shown in  Table (A l). 
M ic ro stru c tu res  of th ese  specim ens showed an even d is trib u tio n  of 
in terconnected  p o res throughout. E xam ination of the polished  s u r ­
face under po larized  and oblique light showed no evidence of u n re ­
duced chrom ic oxide p a rtic le s . F ro m  th ese , i t  appeared  tha t m ore  
than 99% reduction  of the oxides had taken  p lace. T h is was confirm ed  
by D r. M iller (Murex Ltd. ), whose m ac ro -g as  ana ly sis  r e s u lts  
showed the oxygen content to be 0. 4 wt. %. W hether th is  is  due to  
b e tte r  hom ogeneity of the oxides obtained by firing , o r im proved  
hydrogen flow through the in terconnected  p o res of the skele ton  
form ed on the oxide p a rtic le s , is  d ifficult to a sc e rta in .
F ina lly , a num ber of com pacts w ere  p rep a red  to  obtain a m a­
tr ix  of nom inal 20 C r/2 0  Ni com position, containing 1. 0 wt. % of 
alum ina (Degussa), z irco n ia  (D egussa), o r titan ia  (Degussa) as 
d isp e rso id . Two s e r ie s  of com pacts w ere  used  as shown in  T able  
(A2). The m ic ro -g as  analysis and weight change re s u l ts  a re  shown 
in Table (A3).
T hese re s u lts  c lea rly  ind icate  tha t a lm ost com plete reduc tion  
of the m atrix  oxides occurs as long as sufficient hydrogen is  a v a il­
able to the reducing  phase in the tem p e ra tu re  range used .
T able A1
G reen
wt.
(gms)
F ire d
wt.
(gms)
1440°C/  
62 h r s .
Reduced
wt.
(gms)
1360°C / 
16 h rs .
Expected 
wt. a fte r 
100% 
reduction  
(gms)
E xcess
wt.
%
1 0. 8000 - 0.5792 0.5625 2.88 pu re
2 0. 8314 - 0. 6036 0.5846 3.16 oxide
3 0. 9472 - 0.6898 0.6661 3.43 m ix tu re
4 1.0230 - 0.7482 0. 7194 3.85 to give
5 1.5300 - 1.1172 1. 0760 3. 68 20/10
s ta in le s s
6 1.1500 1.1188 0. 8136 0.8087 0. 60 s te e l
7 1.0322 1.0020 0. 7286 0.7258 0. 38*
8 1.1062 - 0.7992 0.7778 2. 68
9 0. 9457 - 0. 6844 0. 6650 2 .80
10 1.0682 - 0.7718 0.7497 2 .80
* M acro-gas analysis re s u lts  of D r. M iller, the  oxygen content 
of th is  specim en  to be 0 .40 wt. %.
Table A2
Code* Com pact d iam ete r 
( in .)
Oxide 
added 
1. 0 wt. %
A ir firing D ry hydrogen s in te rin g
a 3/8 A12°3 1380°C fo r 64 h r s. 1380°C fo r 16 h rs .
b 3/8 T i° 2 1380°C fo r 72 h rs . 1380°C fo r 24 h r s .
c 3/8 Z r 0 2 1380°C fo r 84 h r s . 1390°C fo r 16 h rs .
d 1/2 A12°3 1400°C for 64 h rs . 1300°C fo r 16 h rs .
e 1/2 a i 2o 3 1380°C fo r 64 h r s . ,1345°C fo r  16 h rs .
*
Codes re fe r  to the sam e specim ens as in  Table A3.
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